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ABSTRACT 
Survival of rhizobia on seed is mainly affected by desiccation.  Poor survival of rhizobia during 
inoculation can limit the potential of nitrogen fixation by legumes. Inherent differences in survival 
exist between rhizobia strains as well as with growth conditions, with a general improvement in 
survival seen in cells grown in peat over cells grown in liquid or on agar media. Therefore, 
improving survival of rhizobia under conditions of desiccation stress may enhance nitrogen 
fixation and crop yields.  
This study aimed to relate desiccation tolerance of rhizobia to physiological changes in cells grown 
in peat extracts from different sources. Survival of rhizobia after growth in peat extract was 
measured to determine the effect of strains and growth medium. Differential expression of proteins 
with possible roles in desiccation tolerance was done by identifying proteins expressed in peat 
extract and comparing to those expressed in minimal media. The role of selected proteins in 
desiccation tolerance was then confirmed by knocking out genes coding for these proteins and 
measuring relative survival under desiccation stress. 
Desiccation tolerance of four rhizobia strains (Rhizobium leguminosarum bv. viciae, 3841, 
Rhizobium leguminosarum bv. trifolli TA1, Bradyrhizobium japonicum, CB1809, Bradyrhizobium 
diazoefficiens, USDA110) after growth in peat extracts was measured using two survival assays 
to determine the most suitable technique for comparing effect of experimental treatments. The first 
method was vacuum drying of cells which reported significant decreases in viable cell numbers 
grown in peat extract after drying for 2 h and storage for 24 h. The second method, filter membrane 
assay under different levels of relative humidity, reported higher levels of survival of cells when 
slow dried at 70% RH as compared to rapid decline in survival at 57% RH from 7.5% to 1% in 
3841. There were no observed differences in survival on membrane filters at 70% RH or after 2 h 
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vacuum drying. However, there was a general improvement in survival of Bradyrhizobium strains 
USDA110 and CB1809 compared to R. leguminosarum strains 3841 and TA1 grown on membrane 
filters during storage for 24 h and 48 h.  
Differences in growth of rhizobia in different peat sources could be related to variations in C/N 
ratios by carrying out elemental analysis.  While speculative, the results indicate growth in peat 
was reduced with higher C/N ratio possibly because of the production of excess EPS.  Growth in 
peat extracts was also positively correlated to Mg concentration. However, relationships between 
growth and different elements varied with strain with significant relationships between growth and 
concentration of magnesium, sulfur, phosphorus, potassium and zinc in growth media.  More 
sources of peat are required to strengthen regression analyses and determine the effects of media 
components. 
The global proteomic responses of the four rhizobia strains (3841, TA1, USDA110 and CB1809) 
after growth of cells in NEM peat extract was compared with defined medium JMM. Proteins from 
different functional groups were identified including those involved in transcription, translation, 
amino acid and carbohydrate transport and metabolism, energy production, post translational 
modification, defence mechanism, inorganic ion, nucleotide, lipid and co-enzyme transport and 
metabolism, and cell wall/envelope biogenesis. The proteins that were differentially expressed 
were mainly involved in amino acid, carbohydrate and energy transport and metabolism such as 
ABC transporters, defence mechanisms, transcription and translation. The study also identified 
differentially expressed proteins across the four strains, with a possible role in desiccation 
tolerance such as ABC transporters, heat/ cold shock proteins, Clp protease, chaperonins, 
ribosomal proteins, phage shock protein (PspA), osmotically-inducible proteins and oxidative 
stress proteins such as superoxide dismutase and thioredoxin.  
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The roles of two stress-linked proteins, PspA (RL3579) and Imp/OstA (RL1567) were validated 
by creating knock-out mutants of the genes coding for the two proteins. Attempts to generate 
knock-out mutants of RL1567 in 3841 failed to yield any Imp/OstA deletion mutants. However, 
screening for RL3579 successfully yielded a PspA knock-out mutant.  The impact of deletion was 
then assessed using the filter membrane desiccation assay at 43%RH. The RL3579 mutant grown 
in NEM peat extract reported significantly lower percentage survival of 2% as compared to the 
wild-type 3841 strain (5.3%). The reduction in survival of RL3579 mutant under desiccation stress 
could be attributed to loss in membrane integrity.  Further work is required to confirm the role of 
selected proteins in desiccation tolerance such as production of over-expression mutants.  
Nevertheless, the results here indicate that mutants impaired in PspA gene function are less tolerant 
to desiccation. 
This study confirms that survival of rhizobia can be improved after growth in peat extract. The 
improved survival of rhizobia cells is due to stress-related proteins that are differentially expressed 
in peat extract and may function in protecting cells from desiccation induced damage. The roles of 
these stress proteins could be manipulated to develop desiccation tolerant rhizobia strains.  
Elucidation of the effect of specific components of peat on differential expression of stress-related 
proteins will also inform development of new inoculant carriers for legume inoculation. 
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CHAPTER 1 
INTRODUCTION: LITERATURE REVIEW 
1.1 Introduction 
1.1.1 Legumes and rhizobia 
The family Leguminoseae has over 18,000 species of flowering plants, which have been 
classified further into 650 genera (Sprent, 2001). Amongst the legumes that can fix nitrogen 
are species from the sub-family Papilionoideae, many of which are known for their primary 
contribution to agriculture. There is documented evidence on the fundamental historical role 
played by legumes in the human diet as found in DNA and seeds from archaeological 
deposits and religious scripts (Sprent, 2001). Different legume types have evolved over 
years as a significant protein source in agriculture in different parts of the world, from 
Lupinus (lupin) and Phaseolus (dry beans) in south and Central America; Vigna sinensis 
(cowpea) and Cajanus (pigeonpea) in Africa and south-east Asia; Cicer, Lens, Pisum, Vicia 
and Lupinus in north and west Africa, Asia and the Mediterranean basin; and forage legumes 
for high value grazing (Hapgood, 1958, Howieson et al., 2008). 
Rhizobia are a diverse group of Gram-negative bacteria currently represented by 13 genera 
from the α and β proteobacteria classes, with the unique ability to infect and establish a 
nitrogen-fixing symbiosis with leguminous plants (Weir, 2016). Most rhizobial species 
belong to following genera: Rhizobium, Mezorhizobium, Ensifer (formerly Sinorhizobium), 
Bradyrhizobium, Burkholderia, Phyllobacterium, Microvirga, Azorhizobium, 
Ochrobactrum, Methylobacterium, Cupriavidus, Devosia and Shinella (Weir, 2016).  
1.1.2 Infection of legumes by rhizobia 
The atmosphere constitutes about 78-80% gaseous nitrogen that can be converted to plant 
available forms through the process of biological nitrogen fixation (BNF) (Lesueur et al., 
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2016). The association between rhizobia and legumes is usually highly specific, whereby 
certain species of legumes will only form nodules when infected with specific rhizobia, 
while other legumes will form nodules with a range of rhizobia (Graham and Vance, 2000, 
Willems, 2006). Rhizobia colonise and infect legume roots where they capture and reduce 
atmospheric nitrogen to nitrogenous compounds that can be assimilated by the plant 
(Hungria et al., 2006). This symbiotic association takes place in specialised root or stem 
organs called nodules (Thuita et al., 2012). Within these nodules, rhizobia enzymatically 
convert atmospheric nitrogen (N2) to ammonia (NH3) which can be assimilated by the plant 
in exchange for carbon-containing compounds.  
The process of nodule formation results from signal exchanges between the bacteria and 
host which induce expression of nod genes and Nod factors that eventually stimulate the 
formation of the infection threads and nodule primordia in the legume roots  (Batut et al., 
2011, Ivanov et al., 2012). The rhizobia differentiate into nitrogen fixing bacteroids after 
being released into symbiosomes within legume root cortical cells. The process of 
converting atmospheric N2 to NH3 has a high energy requirement and is catalysed by the 
enzyme nitrogenase which is only found in prokaryotes (Rees et al., 2005). The equation for 
the reaction is as shown below (Hoffman et al., 2014).  
N2 + 8H
+ + 8e- + 16 ATP → 2NH3 + H2 + 16ADP + 16 Pi 
 
1.1.3 Contribution of BNF to agriculture 
Legumes such as soybeans, peas, beans and peanuts, provide some of the most valuable, 
protein-rich and highly consumed food crops. In addition to BNF, legumes also have other 
benefits of pathogen, weed and insect control, increasing soil organic matter and residual 
nitrogen, and improving the soil structure (O'Hara, 2001, Chianu et al., 2010, Dwivedi et 
al., 2015). Woody and herbaceous species are commonly used for animal pastures and feed, 
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agro-forestry, erosion control, green-manuring, crop rotation and also in producing useful 
substances such as insecticides, dyes, biofuels, tannins, resins and perfumes (Howieson et 
al., 2008). Legumes also contribute to mitigating the effects of climate change by reducing 
the use of ammonia fertilisers, fossil fuel, and replacing them with renewable and 
sustainable systems of production in cropping (Lupwayi et al., 2011, Jensen et al., 2012).  
BNF is a key biological process, which occurs in agricultural systems through interactions 
between applied bacteria and plants as well as free living bacteria found in the soil 
(Cummings, 2009). The most significant contributions of BNF are from the symbiotic 
associations between rhizobia and legumes and it is of great significance in contributing 
nitrogen to agricultural systems if utilised to its full potential (Dakora et al., 2008). The use 
of BNF in enhancing plant growth, nutrition, biomass accumulation, and disease 
suppression can lead to significant improvement in agricultural productivity by utilising 
these biofertilisers as alternatives to mineral fertilisers (Compant et al., 2010, Saikia et al., 
2012, Lesueur et al., 2016). 
1.1.4 Mitigation of environmental and economic problems associated with fertiliser use 
Increasing crop production to meet the growing global demand of agro-food system has led 
to increased N inputs to cropland with the use of synthetic N fertiliser currently increased 
by up to eight-fold (Lassaletta et al., 2016). In the past decade, excessive use of fertilisers 
in areas such as Europe and China, has generated high N surpluses causing serious 
environmental problems while low fertiliser application in several African countries has led 
to depletion of the soil N reserves as illustrated in Fig 1.1 (Mueller et al., 2014, Lassaletta 
et al., 2016).  
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FIGURE 1.1: The relationship between fertiliser rates and crop production parameters 
across different growing areas. N inputs—fertilisation—include synthetic fertilisers, animal 
manure, symbiotic fixation and atmospheric N deposition (From (Lassaletta et al., 2016). 
 
Fertilisers are generally applied to soil, resulting in the accumulation of inorganic pollutants 
and leading to soil, water and air pollution (Geisseler and Scow, 2014). Inorganic fertilisers 
mainly contain nitrates, phosphates, potassium and ammonium salts. However, these 
fertilisers are also a source of heavy metals such as cadmium and chromium and high 
concentrations of radionuclides (Savci, 2012). Inorganic fertilisers and chemical pesticides 
may accumulate in the ecosystem, thus negatively affecting the environment. Higher 
application rates of ammonium and urea fertilisers can also inhibit the survival and function 
of soil microorganisms due to the toxic nature of ammonia, increased pH and ionic strength 
(Geisseler and Scow, 2014). Therefore, overreliance on mineral fertilisers has negative 
impacts on the environment and is not economically viable for farmers. Adoption of 
biofertilisers such as rhizobia inoculants can reduce the devastating impacts of 
agrochemicals on the environment, reduce cost of N inputs and also provide beneficial 
residual effects. This makes BNF  the “most fundamentally important biological process on 
the planet after photosynthesis” (Howieson et al., 2008). The N fixed by legume crops in 
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symbiosis with rhizobia represents a renewable source of nitrogen for agricultural soils 
(Dwivedi et al., 2015).  
1.1.5 Maximising the potential benefit from BNF 
Maximum benefits from BNF occur when there is an effective symbiosis between rhizobia 
and leguminous plants. Successful BNF is mainly a result of three factors:  
1. High numbers of effective rhizobia either present in soil or introduced via inoculation 
(Denton et al., 2013). 
2. Selection of legumes and rhizobia compatible with conditions to promote maximum 
growth and survival of both partners (Howieson and Ballard, 2004). 
3.  Provision of appropriate agronomic and nutritional conditions to promote nodulation and 
nitrogen fixation (Peoples et al. 2012). 
Plant breeding and rhizobial strain selection programs have provided many successful host-
symbiont combinations but the symbiosis may be limited by low numbers of rhizobia in soil 
or poor survival during inoculation, particularly on seed (O’Callaghan, 2016, Howieson et 
al., 2008).     
1.1.6 Aims of review 
This review explores and identifies gaps in research on legume inoculation, constraints in 
delivering adequate cell numbers, particularly on seed where desiccation stress is a major 
limitation, the role of inoculant formulations in survival of rhizobia and approaches in 
improving desiccation tolerance of rhizobia. 
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1.2 Inoculation 
1.2.1 Legume inoculation with rhizobia 
Legume inoculation with effective rhizobia is known to improve crop productivity and 
yields through BNF (Atieno et al., 2012, Herrmann et al., 2015, Herridge, 2008). For over 
a century, legume inoculation has been used in agricultural systems to deliver rhizobia to 
the soil where there is no compatible rhizobia, or the rhizobia numbers are insufficient to 
maximise BNF (Catroux et al., 2001, Deaker et al., 2012, Atieno et al., 2012). Moreover, 
research and practice of legume inoculation has been carried out for many years, with 
numerous studies on the limitations of current legume formulations, and application 
technology, thus legume inoculants provide a useful model system for application of other 
microbial inoculants (Deaker et al., 2012). Legume inoculation with rhizobia is a significant 
technology for improving crop productivity and soil fertility in situations where natural N2 
fixation is not optimal and/or exogenous N fertilisers are not applied (Stephens and Rask, 
2000). It leads to the establishment of large rhizobial populations in the rhizosphere, 
improved nodulation and BNF (Kala et al., 2011). Effective nitrogen fixation systems can 
contribute as much as 300 kg N/ha annually, which is fundamental for the success of legume 
crops.  
Legume inoculation aims to provide high numbers of viable effective rhizobia to the 
rhizosphere to allow rapid colonisation, nodulation and nitrogen fixation by the selected 
inoculant strain and maximise legume yield potential (Roughley et al., 1993). The number 
of effective rhizobia in soil greatly determines the need to inoculate the legumes in that 
particular area. The numbers of rhizobia in the soil may be sufficient if the host legume has 
previously been sown, but have a tendency to decline under both permanent and transient 
abiotic stress (Howieson and Ballard, 2004). Denton et al. (2013) studied the relationship 
between rhizobial numbers applied on faba bean seed and showed the response of faba bean 
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to inoculation varied with number of resident rhizobia in soil (Table 1.1). Even though there 
was no significant increase in nodulation and yield at Rutherglen (the experimental site), 
total N fixed was significantly higher at the highest inoculant application rate.  However, 
this rate of 100 x normal rate is too high to be practical or economically feasible with current 
inoculant technology (Denton et al., 2013). The success of inoculation can therefore be 
derived from the delivery of a high number of viable rhizobia to the rhizosphere that will 
eventually colonise the roots of the growing legumes. 
Once selected, highly effective rhizobia are delivered to legume crops either directly by 
inoculating soil or indirectly by inoculating seed (Deaker et al., 2004, Deaker et al., 2012). 
Soil application requires large volumes of inoculant for adequate distribution of rhizobia so 
inoculation of legume seed is a more economical way of introducing rhizobia into the 
rhizosphere (Deaker et al., 2012).  The study of Denton et al. (2012) illustrates an important 
constraint of seed inoculation in that the amount of inoculant that can be applied to seed is 
limited by the seed size.  In addition, the seed coat can be a hostile environment where 
rhizobia are exposed to seed-applied chemicals, natural seed coat toxins and desiccation as 
a result of exposure to low relative humidity (Deaker et al., 2004; Hartley et al., 2012).  
Reports of poor seed survival and desiccation stress was first reported by Fred et al., (1932) 
and overcoming these constraints has proven a challenge for many decades.     
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TABLE 1.1: Response of faba bean to inoculation with increasing numbers of rhizobia at 
two field sites with and without a naturalised rhizobial population  
Inoculati
on rate* 
Log10 cfu 
rhizobia/se
ed 
Nodule DW 
(mg/plant) 
Grain yield (t/ha) Total fixed N 
(kg/ha) 
Minine
ra 
Ruthergl
en 
Minine
ra 
Ruthergl
en 
Minine
ra 
Ruthergl
en 
0 0 0 c 213 1.65 a 2.67 32 d 200 b 
0.001 1.54 26 c 274 2.03 ab 2.82 43 d 273 ab 
0.01 2.94 77 bc 311 2.16 ab 2.9 94 c 246 ab 
0.1 3.83 173 ab 277 2.4 b 2.83 133 bc 249 ab 
1 5.42 264 a 260 2.53 b 2.85 162 ab 274 ab 
10 6.40 192 a 308 2.62 b 2.93 182 ab 223 ab 
100 7.90 243 a 333 2.63 b 2.91 196 a 332 a 
Adapted from Denton et al. 2012.  Mininera, Vic had no previous history of faba beans or 
inoculation with rhizobia, Rutherglen, Vic had an inoculated field pea crop six years prior 
to experiment.  *Seed was inoculated with freeze dried inoculant at rates of 0.001, 0.01, 0.1, 
1, 10, 100 the recommended rate to achieve increasing numbers per seed. 
 
Successful inoculation of legumes requires the application of a sizable population of 
compatible rhizobia to seed and their subsequent survival on seed and in the soil before 
germination (Roughley et al., 1993). Rhizobial inoculants are continuously subjected to tests 
in order to ensure farmers have access to inoculants of high quality, containing highly 
effective nitrogen fixing rhizobia at the point of purchase (Hartley et al., 2012). However, it 
is critical that the process of seed inoculation is not detrimental to rhizobial viability prior 
to sowing. In cases of absence of stress-related suppression of rhizobial numbers, a problem 
of intraspecific competition can arise, particularly where less effective populations are 
present in soil or have emerged through horizontal transfer of nodulation genes (Deaker et 
al., 2012, Nandasena et al., 2007). The challenges facing the quality of inoculants and 
formulation for successful inoculation have been described in a few reviews (Deaker et al., 
2012, Herrmann and Lesueur, 2013, Bashan et al., 2014). New developments in microbial 
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inoculants should aim to utilise renewable resources to benefit agriculture and the 
environment (Bashan et al., 2014). More emphasis needs to be placed on formulating a 
carrier that can protect the microorganisms from harsh conditions from the point of 
production, storage and delivery to the soil (Herrmann et al., 2015). 
1.2.2 Seed inoculation  
Seed inoculation can be done on-farm by growers immediately prior to sowing, or by local 
seed merchants using commercial seed coating equipment. Some seed companies, on 
request, perform the seed coating for immediate sowing or within a few days, often with a 
delivery time of less than 48 h (Hartley et al., 2012).  This is known as custom inoculation.  
Seed that is commercially coated with inoculant before being sold to farmers is known as 
preinoculated seed. Generally, the inoculant is applied directly to the seed, in the case of 
liquid formulations, or water is added to solid inoculants and a slurry is formed before being 
mixed with seeds (Herrmann and Lesueur, 2013).  Seed coating may be carried out in a 
rotating drum prior to sowing, an auger while being transferred for sowing or using 
specifically designed seed coating devices that can be mounted to sowing equipment in the 
field (Deaker pers. comm. 2016).  
Adhesives are commonly used for seed coating in order to deliver sufficient numbers of 
cells on the seed. Various types of adhesives exist including synthetic, semi-synthetic and 
natural polymers (Viji et al., 2003, Deaker et al., 2004, Wani et al., 2007, Hartley et al., 
2012), sucrose solutions (Cong et al., 2009) and, organic oils (Bashan et al., 2002). These 
adhesives help in preventing the inoculant from dislodging from the seed once moisture 
evaporates, especially during sowing (Herrmann and Lesueur, 2013). 
A large proportion of pasture legume seed in Australia is preinoculated (Herrmann and 
Lesueur, 2013). This process often involves coating the seed with rhizobia and a number of 
other materials and chemicals, including growth factors, pesticides, mineral additives and 
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adhesives (Gemell et al., 2005). Preinoculated seed can have a shelf life ranging from a 
couple of months to a year, depending on the nature of the species, additives and the 
manufacturing process.   
Application of inoculant by commercial seed coaters has the potential to improve the 
reliability of inoculated seed quality by allowing better control and standardisation of 
coating methods. It has an advantage of relieving farmers of the often-stated, ‘inconvenient’ 
task of inoculating seed on-farm (Hartley et al., 2012). However, problems facing the seed 
coating industry are poor survival of the inoculant rhizobia, where surveys have indicated 
that numbers rarely satisfy numerical standards, and the lack of accessible tools for rapid 
monitoring of rhizobial viability (Gemell et al., 2005, Deaker et al., 2012). 
1.3 Survival of rhizobia  
1.3.1 Survival of rhizobia on seed 
There is a general decline in the viable number of rhizobial cells on inoculated seed but the 
rate of decline varies between species and strains of rhizobia, and is also dependent on 
environmental conditions such as relative humidity (Deaker et al., 2012). A study by 
Roughley et al. (1993) quantified the survival of rhizobial inoculum from the time of 
inoculation, at sowing and after sowing in the soil. The authors reported 95% death of 
rhizobial cells between the time of inoculation and sowing, and 83% of the remaining cells 
died after 23 h in the soil.  The final numbers were equivalent to only 1% survival of the 
inoculated rhizobial cells. These results emphasise the need for high quality inoculants, 
inoculation practice and sowing procedures that can improve the survival of rhizobia on 
seed (Herridge et al., 2002). 
Survival of inoculant microorganisms on seed is influenced by several factors. These factors 
include the physiological status of the cells (active cells, cysts, spores or flocculated cells) 
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at the time of mixing with the carrier (Bashan, 1998), the rate of drying and rehydration, 
application technique and characteristics of the carrier material (Bashan et al., 2014, Date, 
2001). 
A survey carried out in 1972 with preinoculated seeds of medic (Medicago sp.), clover 
(Trifolium) and woolly pod vetch (Vicia sp.) in South Australia showed that these seeds 
contained 100 times less viable cells than the recommended rhizobial numbers when 
compared to freshly inoculated seed (Brockwell et al., 1975). In 6% of the samples there 
were no rhizobia 46% had very low cell counts and altogether 98% of the seed samples did 
not meet the quality standards set for preinoculated legume seed. Thereafter, Brockwell et 
al. (1975) conducted a five-year study and reported varying levels of survival of rhizobia 
among different legume seeds with lucerne rhizobia surviving better than clover rhizobia. 
This could be attributed to the ability of medic rhizobia to produce specific 
exopolysaccharides which may improve their survival on seed (Deaker et al., 2004).  
There are three measures that could be utilised to improve the survival of rhizobia on seed 
especially on preinoculated seed. These are: 
1. The use of additives such as polymers, sugars and clay minerals which can be added to 
the inoculants during seed inoculation to improve survival through protection from 
desiccation on the seed coat (Deaker et al., 2004, Gemell et al., 2005).  
2. Preconditioning of rhizobial cells by encouraging production of exopolysaccharides and 
compatible solutes such as trehalose (Deaker et al., 2004) 
3. Control conditions of drying and storage (Deaker et al., 2012) 
A combination of these measures may be effective together with regulatory measures such 
as shelf life restrictions depending on the strain and legume species (Gemell et al., 2005). 
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1.3.2 Factors affecting survival of rhizobia on seed 
Rhizobia are exposed to various conditions that arise from the process of seed coating which 
may compromise viability of rhizobia, from the initial preparation of the inoculant slurry to 
seed coating, drying and storage (Deaker et al., 2012). Changes in temperature, moisture 
and pH, and composition of the medium for seed coating can determine the survival of 
bacterial cells. When rhizobia were dried on glass beads, the decrease in survival was 
correlated with the evaporation of water (Vincent et al., 1962, Vriezen et al., 2007). In dry 
formulations, rhizobia remain in a dormant state, with slow metabolism and resistance to 
environmental stresses and contaminants. The most crucial part is survival of the 
microorganisms during the dehydration process characterised by mortality rates of more 
than 90% of the initial population. The next most stressful phase is the reviving of cells 
which results in hydration stress (Vriezen et al., 2007). Survival of rhizobia is affected by 
several variables: the culture medium used for raising the bacteria, the physiological state 
of the bacteria when harvested from the medium, the process of cell encapsulation, the use 
of protective materials, the type of drying technology, and the rate of dehydration (Bashan 
et al., 2014, Date, 2001).  
Death of rhizobia occurs using most techniques of inoculation and has been linked to three 
main reasons: desiccation, the toxic nature of soluble seed coat exudates and unfavourable 
storage temperatures (Thompson, 1988, Vincent et al., 1962, Deaker et al., 2004).  
The major factor affecting poor survival of rhizobia on seed is desiccation (Deaker et al., 
2004), however, tolerance to desiccation varies between different strains of rhizobia. For 
instance, Bushby and Marshall (1977) found that slow-growing strains of rhizobia survived 
better than fast-growing strains after desiccation in sandy soil. Unfortunately, the 
mechanisms of desiccation tolerance are poorly understood and studies on desiccation 
tolerance have been limited to the evaluation of survival of a few strains under controlled 
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conditions. Still, rhizobial responses to desiccation stress are clearly complex given the 
inherent variability between strains (Vriezen et al., 2007). The impacts of desiccation 
include hyperosmotic stresses, accumulation of salts and solutes, breakdown in the 
metabolic process at the peak of water activity, and damage due to removal of any aqueous 
monolayer from macromolecules (Shirkey et al., 2000).  
The extent and rate of desiccation is also dependent on the ambient relative humidity during 
inoculation and storage of inoculated seed. Polymer adhesives used to apply inoculants to 
seeds may reduce the effects of fluctuations in relative humidity by mediating moisture 
sorption and desorption thereby improving survival over time (Deaker et al., 2004). Survival 
is affected by the initial condition of the cells in the inoculant, particularly the moisture 
status, age, purity, the initial cell number, the strain and the type of inoculant. Desiccation 
stress results in a wide range of negative cellular effects including DNA degradation, protein 
denaturation and loss of membrane integrity. Therefore, the mechanisms required for 
desiccation tolerance are complex and require multiple genetic loci (Billi and Potts, 2002, 
Humann et al., 2009).  
1.4 Desiccation stress and tolerance of rhizobia 
1.4.1 Cellular responses to desiccation  
Desiccation tolerance is the ability to survive the omission or removal of all, or almost all, 
the cellular water, without irreversible damage (Leprince and Buitink, 2010). Rhizobium 
strains have been shown to be sensitive to desiccation on seed surfaces, peat cultures and in 
soils (Streeter, 2003). Current and future biotechnological advances have been made 
possible by the increasing knowledge of the regulatory processes and mechanisms 
surrounding desiccation tolerance (Leprince and Buitink, 2010). The ability of prokaryotes 
to withstand stress conditions such as desiccation calls for a range of mechanisms such as 
production of extracellular polysaccharides (EPS), lipopolysaccharides (LPS), the 
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accumulation of compatible solutes, as well as the expression of a number of repair and 
protective proteins. For example, the accumulation or synthesis of the disaccharides sucrose 
and trehalose (Potts, 1994), and the induction of oxidative stress-responsive enzymes, such 
as peroxidases, catalases and superoxide dismutase, have been shown to be essential for the 
survival of cells exposed to long periods of desiccation (Ramos et al., 2001, Cytryn et al., 
2007). 
Several hypotheses have stated that accumulation of sugars function in stabilising 
membranes and proteins in the dry state by glass formation (Crowe et al., 2001, Cytryn et 
al., 2007). The intracellular concentration of trehalose is thought to have a major positive 
impact on the survival of rhizobia by increasing extracellular salt concentrations and 
decreased levels of oxygen (Hoelzle and Streeter, 1990). Some models suggest a mechanism 
whereby trehalose fits between the phosphates of adjacent phospholipids replacing four 
hydrating water molecules, while recent models propose a mechanism whereby the solute 
may physically decrease the force exerted on membranes as they approach one another 
under desiccation, decreasing membrane fluid-to-gel phase transitions (Bryant et al., 2001). 
Streeter (1985) found variations in the accumulation of trehalose in all species of rhizobium 
and, in slow growing rhizobia, trehalose accounted for greater than 80% of the total 
monosaccharides and disaccharides. An evident relationship existed between the high 
accumulation of trehalose and survival in water culture as Bradyrhizobium japonicum 
survived better in water culture than the fast-growing strains. None of the slow growing 
strains tested grew with trehalose as the sole carbon source, indicating that these strains may 
be deficient in trehalose-uptake systems and that accumulation is by de novo synthesis. The 
addition of exogenously supplied trehalose was also shown to enhance the survival of 
Bradyrhizobium diazoefficiens, USDA110 in response to desiccation (Streeter, 2003).  
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In the natural environment, bacteria often produce and thrive within a matrix of EPS, which 
function to anchor cells to substrata, protect against phagocytosis, mask antibody 
recognition and prevent lysis by other bacteria (Deaker et al., 2004). The protective role of 
EPS in desiccation is still unclear as there are several conflicting reports. Vanderlinde et al. 
(2010) demonstrated that the production of EPS positively correlated with desiccation 
tolerance of R. leguminosarum.  A mutant of R. leguminosarum bv. viciae 3841, reported a 
3-fold reduction in the amount of EPS produced rendering the mutant significantly more 
sensitive to desiccation stress as compared to the wild-type. However, complementation of 
the mutant with exogenous EPS prior to drying restored similar levels of desiccation 
tolerance as the wild-type thus stressing the importance of EPS in desiccation tolerance 
(Vanderlinde et al., 2010).   
Osmotic stress can also induce a balance between external and internal water potential when 
cells accumulate osmoprotectants or compatible solutes (Deaker et al., 2004). Examples of 
osmoprotectants include potassium ions, glutamine, quaternary amines, glutamate, proline, 
and sugars (such as trehalose, sucrose and glycosyl glycerol). The function of compatible 
solutes is to maintain protein stability during osmotic stress through a ‘preferential 
exclusion’ mechanism and create a balance between the internal water activity and that of 
the external environment (Deaker et al., 2004). R. meliloti 102F34 was reported to respond 
to osmotic stress by accumulating potassium ions, glutamate and glycine betaine (Botsford 
and Lewis, 1990, Casteriano, 2013). 
1.4.2 The effect of inoculant formulations on desiccation tolerance  
Formulation is one of the most critical aspects in producing commercial inoculants as it can 
determine the success or failure of the biological agent (Atieno et al., 2012, Herrmann et al., 
2015). Bashan et al. (2014) described formulation as “the industrial ‘secret art’ of converting 
a promising   laboratory-proven   micro-organism, carefully-cultivated by skilled specialists 
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in carefully designed and supervised experiments into a commercial product used by 
common growers under uncontrolled field conditions.” The fundamental characteristics for 
inoculants are to support the growth, number and delivery of the viable microbial cells in 
good physiological conditions required to obtain a plant response, after the formulation 
process (Date, 2000, Bashan et al., 2014). A major role of formulation of inoculants is to 
provide a suitable microenvironment, combined with physical protection for a prolonged 
period to prevent a rapid decline in survival of introduced bacteria (Bashan et al., 2014). 
The formulation and commercial production of any inoculant requires the integration of 
physical, chemical and biological parameters leading to both high target organism 
populations and long-term survival of these organisms over time at less than optimum 
conditions (Xavier et al., 2004).  Important characteristics of inoculant carriers have been 
identified as high water-holding capacity and retention characteristics, physical uniformity, 
non-toxicity, non-polluting, nearly neutral (or easily adjustable) pH, readily manageable in 
mixing and packing operations, adequate supply and reasonable cost (Stephens and Rask, 
2000, Herrmann and Lesueur, 2013). They should also be easy to use to ensure successful 
delivery and subsequent colonisation of the host plant.   
Inoculants may be formulated as liquids or solids which ultimately affect the way they may 
be applied to crops (Fig 1.2).  Liquid inoculants may be prepared from culture medium with 
various additives to improve shelf life and application, or by suspending solid inoculants in 
water.  Solid inoculants are prepared by incorporating microorganisms into various organic, 
inorganic and polymeric matrices.  Liquid inoculants are applied to seed or soil by spraying, 
drenching or irrigation, and solid inoculants are generally applied to seeds as powders or 
slurries and to soil as granules.  
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FIGURE 1.1: Formulations of inoculants for agricultural and environmental uses (From 
Bashan et al., 2014) 
 
Herrmann and Lesueur (2013) discussed the advantages and disadvantages of common 
carriers as listed in Table 1.2.  Generally, different formulations vary in their ability to 
support high numbers of microorganisms over long periods of time (shelf lives) and they 
have different handling properties affecting their ease of use and capacity to be manipulated.  
However, there is little information regarding the effect of different formulations on 
subsequent survival of rhizobia during delivery to crops.  
Liquid formulations have the advantages of ease of handling and application to seed or soil, 
potential for high cell counts, and allow the addition of nutrients, growth promoters and cell 
protectants (Xavier et al., 2004, Bashan et al., 2014). Conversely, liquid inoculants have 
been reported to be poorly protective of microorganisms with increased loss of cell viability 
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on seed application and they are more sensitive to environmental stresses and have limited 
shelf life thus requiring specific storage conditions (Albareda et al., 2008, Hynes et al., 2001, 
Stephens and Rask, 2000, Herrmann and Lesueur, 2013). A combination of liquid 
formulations and other additives such as sugars, polyvinyl pyrrolidine (PVP), gum Arabic 
may improve survival of micro-organisms in the inoculant (Singleton et al., 2002, Taurian 
et al., 2010). 
Granular products can be placed directly in the furrow, deep-banded below the seed or side-
banded preferably deeper than the seed (Stephens and Rask, 2000). Granules are made from 
small marbles, silica, calcite or peat-prill grains, that are mixed with adhesive and a 
powdered inoculum, after which the granules are coated with the target microorganism 
(Stephens and Rask, 2000, Herrmann and Lesueur, 2013). The main advantages of granules 
over peat inoculants is the ease of handling and application, less dust formation, and no 
direct contact with pesticides and other toxic chemicals (Herridge, 2008, Xavier et al., 
2004). On the other hand, granular inoculants are bulky leading to high costs of 
transportation and storage and their distribution in soil is critical to nodulation success. 
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TABLE 1.2: Advantages and limitations of most common inoculant carriers (Adapted from (Herrmann and Lesueur, 2013) 
Carrier Advantages Limits 
Peat 
• Suitable for a wide range of microorganisms: bacteria, 
arbuscular mycorrhiza, ectomycorrhiza 
• Protective nutritive environment 
• Moisture content can be adjusted to optimize growth and 
survival of bacteria during curing, storage, and inoculation 
• Strong buffering capacity 
  
  
• Not readily available 
• Strong negative impact on the environment and 
ecosystems 
• Costly investment for extraction 
• Toxic compounds released during drying and sterilisation 
• Highly variable in composition and quality depending on 
the origin 
• Seed application: contact with other chemical compounds 
(toxicity) 
Liquid • Easy to handle and apply 
• Easy addition of additives to improve growth or survival of the 
cells 
• Composition easily defined and controlled 
• High cell concentration → low application rates 
• Lack carrier protection: low viability during storage and 
on seeds 
• Cool temperatures for storage (4 °C) 
• Limited shelf life 
• More sensitive to stressful conditions 
Granules • Easy to store, handle, and apply 
• Less dusty than peat 
• Application rate easily assessed 
• Soil application: no direct contact with the other chemical 
compounds (no toxicity) 
• Especially efficient under stressful environmental conditions 
• Bulky: high transport and storage costs 
• Higher application rates 
• Often nonsterile carriers 
  
  
Encapsulated 
cells 
• Suitable for all types of cells (all sizes) 
• Cells protected in a nutritive shell against mechanical and 
environmental stresses and against predators 
• Slow and controlled release of the microorganisms when the 
shell is degraded 
• Wide variety of polymers: nontoxic, biodegradable 
• High concentration of cells/shell → limited space for storage 
• Storage at room temperature (dried capsules) 
• High production cost 
• More handling work at the industry level 
• Specific equipment required 
• Physiological, morphological, and metabolic changes 
occurring in the shell 
• Several applications needed if strains cannot establish in 
soil 
• No commercial product available 
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Peat-based inoculant products are commonly used for seed inoculation. Peat is made from 
accumulated vegetation that has partially decayed over time. It is a common carrier because of 
its ability to provide a protective and nutritive environment for the microorganisms and long 
shelf life (Herrmann and Lesueur, 2013). However, it is a non-renewable resource, suitable 
sources of peat are not available in all countries, and processing peat for use as a carrier can be 
quite costly (Hungria et al., 2005). 
The physico-chemical properties of peat as an inoculant carrier such as pH, moisture content, 
particle size, quality, and health and safety in regards to environment, animal and human life 
have been widely studied (Catroux et al., 2001, Date, 2001, Deaker et al., 2004, Deaker et al., 
2012, Stephens and Rask, 2000, Xavier et al., 2004). When these conditions are optimised, peat 
is considered a superior carrier for growth and survival of rhizobia (Feng et al., 2002). Liquid 
cultures of rhizobia are injected into pre-packaged and often gamma-sterilized finely milled 
peat, and then the moist peat culture is incubated for a short period to allow time for rhizobia 
to multiply (Casteriano et al., 2013, Herrmann and Lesueur, 2013). During the process of seed 
inoculation, the peat inoculant is suspended in water often containing polymeric adhesive and 
other additives, after which it is applied to seed. The inoculated seed is then dried, either under 
ambient conditions or more rapidly by forced air, exposing rhizobia to desiccation stress. It is 
at this stage that rhizobial death is most rapid (Vincent et al., 1962, Deaker et al., 2004, 
Deaker et al., 2007), and may be exacerbated by exposure of cells to other chemical additives 
in the liquid slurry such as polymer, pigments or colour, fungicides, insecticides and powders, 
or ﬁnishing agents (Hartley et al., 2012). 
Polymers such as methyl cellulose, polyvinyl pyrrolidine (PVP) and polyvinyl alcohol (PVA) 
are commonly used to improve adhesion of legume inoculants (especially peat) to the seed 
surface. Deaker et al. (2007) assessed the properties of polymers in enhancing survival of 
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Rhizobium strains under desiccation stress and reported significant improvement in survival of 
the strains after suspension in PVA polymer with an intermediate level of hydrolysis.  
Peat cultures of rhizobia applied to the surface of seed or beads have long been known to have 
a greater rate of survival than cells from agar or liquid cultures (Albareda et al., 2008). This 
improved survival can be due to cells being partially encapsulated within a protective matrix 
of peat particles when coated onto seed (Dart et al., 1969). Cells from several species of 
rhizobia undergo changes to their cell wall morphology when transferred from broth cultures 
into peat, believed to result from nutrient- and oxygen-limiting conditions during growth (Feng 
et al., 2002). The cell wall thickening seems to be associated with enhanced survival of rhizobia 
in peat cultures and may play a role in enhancing survival after inoculation of cells onto 
surfaces such as seeds (Feng et al., 2002).   
Peat inoculants need to be nontoxic to the environment, easily sterilised, have high water 
holding capacity and organic matter content, be cost effective and easily available (Okon and 
Baker, 1987, Herrmann and Lesueur, 2013). Peat provides a high buffering capacity to maintain 
a neutral pH, and growth promoting properties. Peat is mainly applied on seed through seed 
coating, which can be done on a small scale or using machines such as cement mixers  to allow 
coating of large number of seeds (Schulz and Thelen, 2008). The main drawback of peat 
inoculants is derived from the peat source which leads to variability in composition and quality. 
Different sources of peat will exhibit different abilities to support the growth and survival of 
cells (Hungria et al., 2005, Malusá et al., 2012).  
Immobilisation and entrapment of cells has shown promising progress in the inoculant industry. 
Immobilisation involves entrapment of cells into a matrix by encapsulation, flocculation, cross-
linking cells and adsorption on surfaces (Cassidy et al., 1996, Saxena, 2011, Herrmann and 
Lesueur, 2013). Encapsulation has been shown to be the most promising method of 
immobilising living cells as they are protected in a capsule which protects them from 
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environmental and mechanical stresses (Saxena, 2011). The capsules slowly degrade once 
placed in the soil to gradually release target microorganisms during seed germination (Bashan, 
1998). The most commonly used polymers for encapsulation are polyacrylamide and alginate 
beads with alginate known to be more user friendly as they are biodegradable and nontoxic, 
while polyacrylamide requires additional handling steps due to the toxicity of acrylamide 
(Bashan, 1998, Date, 2001). Alginate beads are formed by dispersing target cells into a polymer 
matrix in addition to nutrients and other additives for inoculation efficacy (Malusá et al., 2012, 
Herrmann and Lesueur, 2013). 
Alternative carriers have also been identified and tested for use in inoculation such as clay, 
bagasse, compost, rock phosphate, freeze dried cells, charcoal, talc, soil and polymers such as, 
xanthan gum (Deaker et al., 2004).  While some carriers perform as well as peat, e.g., cork 
(Albareda et al., 2008), none promote better survival of rhizobia on seed.    
1.4.3 Molecular approaches to studying desiccation tolerance 
Genetic analysis and high throughput gene transcript and protein assays are widely used to 
provide an understanding of rhizobia-legume interactions (Delmotte et al., 2010). Identification 
and detailed characterisation of genetic mechanisms involved in desiccation tolerance can help 
in determining the elicitors of desiccation tolerance and development of new inoculant 
formulations (Vriezen et al., 2007). The availability of a number of complete genome 
sequences of rhizobia enables the study of the genetic basis of physiological and metabolic 
processes (González et al., 2006, Guerrero et al., 2005, Pessi et al., 2007, Sarma and Emerich, 
2005, Young et al., 2006). Proteomic studies have examined a variety of conditions related to 
stress such as nutrient limitation (Encarnación et al., 2003), salt tolerance (Shamseldin et al., 
2006), protein secretion (Sarma and Emerich, 2005), and pH response (Reeve et al., 2004). 
Growth of R. leguminosarum TA1 and B. japonicum CB1809 in peat extract was reported to 
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result in expression of proteins involved in DNA damage repair, integrity and stability of 
proteins, protection of cell envelope and oxidative stress responses (Casteriano et al., 2013). 
Genome-wide transcriptional analyses of Bradyrhizobium have revealed several groups of 
genes and proteins induced and repressed in response to desiccation stress (Cytryn et al., 2007). 
Microarray studies of strain USDA110 revealed a number of lipopolysaccharides and 
exopolysaccharides, transport genes, sugar transporter proteins and chaperonins which were all 
induced under desiccation stress (Cytryn et al., 2007). The authors also reported induction of a 
variety of proteins involved in the repair of DNA damage, cell membrane repair and protection, 
and responses to oxidative and heat stress. Microarray analyses of Anabaena sp. strain PCC 
7120 also detected induction of similar genes in drought, osmotic, salt and terrestrial stress 
conditions (Katoh et al., 2004). Mutagenesis studies by Vanderlinde et al. (2009) reported a R. 
leguminosarum bv. viciae lipopolysaccharide   mutant   lacking 27-hydroxyoctacosanoatic acid 
of lipid A to be sensitive to desiccation stress. Mutation of a DNA repair protein in E. coli K-
12 was also found to be less tolerant to desiccation stress compared to the wild-type strain 
(Asada et al., 1979, Casteriano, 2013). A study by Casteriano et al. (2013) reported stress-
linked proteins after growth of TA1 in crude peat extract including chaperones, ribosomal 
proteins and cold shock proteins. The authors also reported the presence of antioxidant proteins, 
such as thioredoxin, which lower the levels of reactive oxygen species. Chaperone proteins 
function in preventing misfolding and promoting proper assembly of proteins under stress 
conditions (Pauly et al., 2006, Delmotte et al., 2010). Ribosomal proteins have been shown to 
be induced under heat and acid shock in Bradyrhizobium (Encarnación et al., 2003), and are 
involved with increased cell sensitivity to heat shock following abrupt temperature downshift 
(da Silva Batista and Hungria, 2012). 
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1.5 Conclusion 
Despite developments in inoculant technology, poor survival of rhizobia during delivery to 
broad-acre legume crops is still a major concern and limits the potential for maximum 
nodulation by elite strains, nitrogen fixation and yield.  Legume inoculants are most commonly 
applied to seed prior to sowing; however, the seed surface presents a hostile environment for 
rhizobia, exposing cells to desiccation stress and potentially toxic chemicals, thus limiting 
survival and subsequent nitrogen fixation. Death of inoculant strains usually results from rapid 
seed coat-mediated desiccation. The gap in knowledge remains, especially in relation to the 
physiological and morphological responses of rhizobia to desiccation. A better understanding 
of the physiological tolerance mechanisms of rhizobia in response to the various environmental 
stresses that compromise survival will assist in the selection of robust strains that are more 
compatible with seed coating applications. Therefore, improving survival of rhizobia under 
conditions of physiological stress may promote BNF and enhance plant growth and improved 
crop productivity. A complete understanding of the physiological tolerance mechanisms 
employed for desiccation tolerance is required in order to improve on-seed survival of rhizobia 
inoculants.  
1.6 Aims of the project 
The overall aim of the project was to relate desiccation tolerance of rhizobia to physiological 
changes in cells during growth in peat extracts. This aim was further divided into three parts: 
1. To determine the most appropriate way to measure desiccation tolerance to detect differences 
in survival as a result of growing rhizobial strains in different peat extracts.  
2. To identify proteins with a possible role in desiccation tolerance by measuring differential 
expression in rhizobia after growth in peat extract using two-dimensional (2D) gel 
electrophoresis and mass spectrometry.  
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3. To confirm the role of selected proteins in desiccation tolerance using mutagenesis to knock 
out genes coding for putative desiccation tolerance proteins and measuring relative survival 
under desiccation stress.  
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CHAPTER 2 
GENERAL METHODS AND MATERIALS 
2.1 Overall experimental plan and structure 
Previous studies at The University of Sydney indicated that improved desiccation tolerance 
after growth in peat extract is related to physiological and morphological changes in rhizobial 
cells including changes in trehalose synthesis, protein expression and cell structure (Casteriano 
et al., 2013). This current study was focused on analysing changes in specific protein 
expression after growth in peat extract and the roles of selected identified proteins in improved 
desiccation tolerance. Four rhizobial strains were used representing two genera and two 
species. Survival and desiccation tolerance of the strains was measured after growth in peat 
extracts prepared from different sources. Changes in protein expression were analysed using 
two-dimensional gel electrophoresis (2-DE) and mass spectrometry at the Mass Spectrometry 
Core Facility (MSCF) at The University of Sydney as illustrated in Fig. 2.1. The role of two 
proteins, that have previously been linked to desiccation tolerance in rhizobia was analysed 
using strains carrying relevant mutations. This was done by knocking out genes coding for 
proteins which were upregulated after growth in peat extract, with a putative role in desiccation 
tolerance, and determining survival over time. This chapter details the materials, methods and 
protocols used in this study.  
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FIGURE 2.1: Overall plan and structure for the proteomic analysis of rhizobial desiccation 
tolerance  
 
2.2 Rhizobial strains and growth conditions 
Four rhizobia strains were used in this study; Bradyrhizobium japonicum, CB1809, 
Bradyrhizobium diazoefficiens, USDA110, Rhizobium leguminosarum bv. viciae, 3841 and 
Rhizobium leguminosarum bv. trifolli TA1 as listed in Table 2.1. TA1 and CB1809 are strains 
used in Australia for the commercial production of clover and soybean inoculant products, 
respectively. Rhizobium leguminosarum bv. viciae strain 3841 and Bradyrhizobium 
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diazoefficiens USDA110 were selected because their genome has been fully sequenced (Young 
et al., 2006). The strain USDA110 was previously named as Bradyrhizobium japonicum 
USDA110, and has since been reclassified into a novel species Bradyrhizobium diazoefficiens 
sp. nov. (Delamuta et al., 2013). In this study, the strain name USDA110 is used for ease of 
quoting and linking to the other 3 strains. The identity of these strains (3841 and USDA110) 
in a parallel project by Dr. Neil Wilson, Pulseford laboratory. Strains TA1 and CB1809 were 
also selected as their genome sequence is closely related to 3841 and USDA110, respectively 
(Kaneko et al., 2002, Young et al., 2006). Cultures of TA1 and CB1809 were obtained from 
the SUNfix culture collection, Faculty of Agriculture and Environment, University of Sydney, 
and 3841 and USDA110 were kindly provided by G. O’Hara at the Centre for Rhizobium 
Studies, Murdoch University, WA.  
TABLE 2.1: Rhizobial strains and their legume hosts  
Species Straina Host legume 
Bradyrhizobium diazoefficiens USDA110 Soybean 
Bradyrhizobium japonicum CB1809 Soybean 
Rhizobium leguminosarum bv. viciae  3841 Pea 
Rhizobium leguminosarum bv. trifolii  TA1 White clover 
aStrain designation according to the original collection: CB, CSIRO Brisbane; TA, Tasmanian 
Department of Agriculture; USDA, United States Department of Agriculture. 
 
2.2.1 Preparation of peat extracts  
The peat used in this study was obtained from New Edge Microbials (NEM) (Australian Co. 
Albury, NSW) and BASF (German owned Co.). Aqueous peat extract (50% w/v) was prepared 
by suspending 50 g gamma-sterilised peat in 100 mL MilliQ water with vigorous shaking for 
20 min using a wrist action shaker followed by centrifuging at 10,300 g for 10 min. The 
supernatant was filtered through a Whatman No. 1 filter paper, and the filtrate passed through 
a sterile 0.2 µm syringe filter with a cellulose acetate membrane.  
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2.2.2 Chemical analysis of peat extracts 
Total organic carbon and nitrogen in aqueous peat extracts were measured using a TOC-N 
analyser (Shimadzu TOC-Vcsh, TNM-1, Kyoto, Japan).  Triplicate samples of approximately 
15 mL of each extract was placed in the instrument auto-sampler after adding 200 μL of 1 M 
H3PO4 (Bisutti et al. 2004) to eliminate inorganic carbon. 
2.2.3 Growth of the rhizobial strains 
All rhizobial strains were grown in a range of different media at 30°C on a rotary shaker (125 
rpm). Control cells were grown in JMM defined medium (O'Hara et al., 1989) and TY medium 
(Beringer, 1974). A single colony was picked from a pure culture plate using an inoculating 
and aseptically transferred to the growth media. The cultures (20 mL) were grown in 60 mL 
sterile jars and incubated at 28oC. After four days of growth for TA1 and 3841, and six days 
for CB1809 and USDA110, 1 mL of cells were harvested by centrifugation at 14,400 g for 1 
min, washed and resuspended in 1 mL phosphate buffered saline (PBS) solution (pH 7.4) 
(Appendix 2).  
2.3 Methods for measuring desiccation tolerance of rhizobia 
2.3.1 Desiccation tolerance of rhizobia using a vacuum drying technique 
Cells of 3841, TA1, USDA110 and CB1809 were grown in triplicates to early stationary phase 
(4 days for 3841 and TA1; 6 days for USDA110 and CB1809), harvested by centrifugation at 
14,400 g for 5 min and washed with sterile water (1 mL). The cells were resuspended in 1 mL 
trehalose solution (34% w/v) prior to drying under vacuum. Desiccation tolerance of cells 
grown in different media was determined using a modified vacuum drying technique as 
described by Deaker et al. (2007). Aliquots (100 µL) of cell suspensions were transferred to 
sterile glass ampoules and dried under vacuum at 0.1 torr for 2 h. Dried cells were then 
resuspended by placing the glass ampoules (cut in half using a glass file) in McCartney bottles 
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containing 10 mL of phosphate-peptone buffer (PPB) (Appendix 2) and shaking vigorously on 
a wrist-action shaker for 15 min. A 10-fold serial dilution of the suspension was made to a final 
dilution of 10-3 and aliquots (100 µL) spread on YMA plates (replicated 3 times). Viable cell 
numbers were estimated by counting colonies that grew after incubating the plates at 28°C for 
three to six days. 
2.3.2 Desiccation tolerance of rhizobia using filter membrane desiccation assay 
A filter membrane desiccation assay was modified from Gilbert et al. (2007) and Ophir and 
Gutnick (1994). Cells were grown in TY broth until late log phase (2 days for 3841 and TA1 
and 4 days for CB1809 and USDA110; 3 replicates), harvested and resuspended in PBS buffer. 
A 1 in 10 dilution of the broth culture was made and 100 µL aliquots spotted onto polycarbonate 
membranes (S-Pak 0.45 mm Type HA membranes, Millipore). The membranes were first cut 
into quarters and then placed on either TY agar or a solid medium prepared using sterile peat 
extract (50% w/v) and molten agar (0.15%) in a 0.66:0.33 ratio, respectively. The spots were 
allowed to be absorbed into the agar then incubated at 30°C for 2 – 5 days depending on the 
rhizobial strain. Typically, three replicate membranes were prepared for each desiccation 
treatment as well as three additional replicate membranes to count the initial cell numbers. 
After growth on agar media, membranes were exposed to different relative humidity (RH) in 
plastic containers as shown in Fig 2.2. Relative humidity levels of 70% and 57% were prepared 
using saturated NaCl and NaBr solutions, respectively. Approximately 300 g of NaCl was 
added to a 250 mL container and moistened with 10 mL water to dampen the salt. The salt 
container was placed in a large plastic container and the salt container was placed inside with 
the lid removed. The large container was immediately sealed, and the RH allowed to equilibrate 
for 30-60 min. Smaller containers for holding the membranes were prepared by lining them 
with paper towel. The membranes were placed in these containers using sterilised forceps, 
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allowed to dry briefly in a laminar flow hood then transferred to a RH container. At the same 
time, the membranes to be used for determining the initial cell counts were removed from the 
agar plates and processed for counting. 
 
FIGURE 2.2: Desiccation assay using membrane filters and relative humidity chambers.  
Bacteria grown on membrane filters on agar media were placed in sealed conatiners containing 
saturated salt solutions to produce a relative humidity of 57% or 70%.  Relative humidity 
chambers containing filter membranes  were incubated at 24°C for 24 h before viable numbers 
of rhizobia were determined using viable plate counting.  
 
Each membrane was placed in a 15 mL falcon tube containing 10 mL of sterile PBS. The tubes 
were inverted to wet the membrane and incubated for 5-10 min to allow the cells to rehydrate. 
The cells were dislodged from the membranes by vortexing the tubes for 5-10 min. A 10-fold 
dilution of each cell suspension was made to a final dilution of 10-6 and aliquots (100 µL) 
spread on agar plates (TY for 3841 and TA1; YEM for USDA110 and CB1809). Viable cell 
numbers were estimated by counting colonies that grew after incubating the plates at 28oC for 
three to six days. 
2.4 Optimising protein extraction from rhizobial strains grown in different media 
2.4.1 Boiling treatment 
Cells were harvested by centrifugation at early stationary phase from 20 mL broth cultures 
grown (in triplicates) in JMM defined medium and crude peat extract (7,400 g for 10 min). The 
cells (1 mL) were washed once in phosphate buffer (pH 7.2), and resuspended in 62.5 mM 
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Tris-HCl (pH 6.8) containing 20% (v/v) glycerol, 2% (w/v) SDS, and 5% (v/) β-
mercaptoethanol for protein extraction. Samples were heated for 5 min in a boiling water bath, 
allowed to cool, and then centrifuged (7,400 g for 10 min), and the supernatant containing the 
solubilised proteins was collected. Total protein was measured using the Bradford method 
(1976), with bovine serum albumin in 1% NaCl used as a standard. This procedure was 
repeated with increased starting culture volume of 50 mL in order to recover more cells for 
protein extraction. 
2.4.2 TCA/acetone precipitation 
A fresh batch of cells were harvested by centrifugation at early stationary phase from broth 
cultures grown (replicated 3 times) in JMM defined medium and crude peat extract (7,400 g 
for 10 min). After harvesting cells from broth cultures, 1 mL of the cell lysate was mixed with 
100% ice-cold acetone (8 mL), and 100% (w/v) trichloroacetic acid (TCA) (1 mL) in a ratio of 
1:8:1 and allowed to precipitate at -20°C for 1 hr. The mixture was centrifuged at 18 000 g for 
15 min at 4°C. After discarding the supernatant, the pellet was washed twice in 1 mL ice-cold 
acetone to remove all the TCA. The cell pellets were allowed to dry at room temperature, and 
then dissolved in 1 mL PBS by repeatedly pipetting up and down to break up the pellet. A 200 
µL aliquot of each sample was transferred to a clean microfuge tube for protein determination 
using the Bradford method (1976). The remaining cell lysate was centrifuged, and supernatant 
discarded. Sample buffer (62.5 mM Tris-HCl (pH 6.8) containing 20% (v/v) glycerol, 2% (w/v) 
SDS, and 5% (v/v) β-mercaptoethanol) was added, boiled for 5 min, centrifuged and the 
supernatant retained at room temperature as the protein extract. 
2.4.3 Percoll gradient  
A separate batch of CB1809 culture was grown in 30 mL BASF peat extract for 6 days till early 
stationary phase (3 replicates). A Percoll gradient method as described in Feng et al. (2002) 
was used to collect rhizobial cells. The cultures were centrifuged for 10 min at 10,000 g and 
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the resulting viscous exopolysaccharide (EPS) layer containing the cells was resuspended in a 
solution containing 0.4 M sorbitol and 10 mM TES [N-tris(hydroxymethyl)methyl-2-
aminoethanesulfonic acid]-KOH (pH 7.2). The cell suspension was mixed with 30 mL of 
solution containing 70% (v/v) Percoll, and centrifuged at 16,000 g for 15 min. The opaque 
band formed at the bottom of the tube was diluted with a 1:5 sorbitol-TES [N-
tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid]. KOH (pH 7.2) solution. The samples 
were then heated at 60°C for 15 min, centrifuged at 10,000 g for 10 min, the supernatant 
discarded, and sample resuspended in 1 mL PBS. The protein was quantified using the 
Bradford method.  
2.4.4 Heat treatment at 60°C 
A separate batch of CB1809 culture was grown in 30 mL BASF peat extract for 6 days, in 
triplicates, till early stationary phase.  The cultures were centrifuged for 10 min at 10,000 g and 
the resulting viscous EPS layer resuspended in 5 mL PBS and heated at 60°C for 15 min. The 
samples were centrifuged for 10 min at 18,000 g and the supernatant discarded. The protein 
pellet was collected, and pooled from multiple samples, and diluted in sample buffer.  
2.4.5 Enzyme treatment 
A new batch of CB1809 culture was grown in 30 mL BASF peat extract for 6 days, in 
triplicates, till early stationary phase. The cultures were centrifuged for 10 min at 10,000 g and 
the resulting sticky EPS layer containing the cells resuspended in 1 mL PBS. A 400 μL aliquot 
of lichenase and 30 μL of α-amylase was added to the PBS-cell suspension and incubated for 
30 min at 50°C. β-glucosidase (100 μL) was added and the solution incubated for a further 10 
min at 50°C. The samples were centrifuged for 10 min at 10,000 g, the supernatant discarded 
and resulting pellet resuspended in 1 mL PBS. The protein was quantified using Bradford 
method.  
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2.4.6 Triton-X 100 
A separate batch of CB1809 culture was grown in 30 mL BASF peat extract, in triplicates, for 
6 days till early stationary phase. The cultures were centrifuged for 10 min at 10,000 g and the 
resulting sticky EPS layer resuspended in 1 mL Triton-X 100. The samples were centrifuged 
for 10 min at 18,000 g, and the supernatant plus the EPS globule discarded. The pellets were 
resuspended in 1 mL PBS and protein was quantified using the Bradford method.  
2.4.7 Dilution with 1% KCl 
CB1809 and TA1 cells were grown in JMM defined medium and crude peat extract, replicated 
3 times, to early stationary phase (4 days for TA1; 6 days for CB1809). The cultures were first 
diluted with 1% KCl at the ratio of 1:1, mixed and centrifuged at 7400 g for 10 min. The 
supernatant was discarded, and the cells washed once in phosphate buffer (pH 7.2), and 
resuspended in 62.5 mM Tris-HCl (pH 6.8) containing 20% (v/v) glycerol, 2% (w/v) SDS, and 
5% (v/) β-mercaptoethanol for protein extraction. Samples were heated for 5 min in a boiling 
water bath, allowed to cool, and then centrifuged (7,400 g for 10 min), and the supernatant 
containing the solubilised proteins was collected. Total protein was measured using the 
Bradford method (1976), with bovine serum albumin in 1% NaCl used as a standard. 
2.4.8 Protein extraction for 2-dimensional gel electrophoresis 
The strains were cultured in aqueous peat extract and JMM defined medium as a control. The 
cultures were grown (3 replicates) until early stationary phase; 4 days for TA1 and 3841, and 
6 days for CB1809 and USDA110. The cells were harvested by centrifugation at 1,300 g for 
10 min, and resuspended in sample buffer (5 M urea, 2 M thiourea, CHAPS (2% w/v), 
sulfobetaine 3-10 (2% w/v), 40 mM Tris, and 1% Bio-Lyte 3/10 Ampholyte). Protein cells 
were broken and solubilised by ultrasonic treatment on ice. The lysates were centrifuged at 
13,000 g for 20 min to remove particulate material. The concentration of total protein was 
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determined using the 2D-Quant kit (GE Healthcare), which is compatible with the sample 
buffer used for extracting proteins. 
2.5 Separation of proteins 
2.5.1 Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE)  
Solubilised proteins (15 µg) from  3841, TA1 CB1809 and USDA110) extracted using the 
methods as described in 2.4 were mixed with loading dye (bromophenol blue and xylene cyanol 
FF) and heated at 70ºC for 5 min prior to analysis by SDS-PAGE (Laemmli, 1970, Casteriano 
et al., 2013). Proteins were separated using a 12% (w/v) resolving polyacrylamide gel at 4°C 
in a ProteanII xi Cell (Bio-Rad Laboratories, Detroit, MI; 16cm by 16cm by 1.5 mm vertical 
system). The running conditions were 30 mA constant current per gel in a buffer (pH 8.3) 
containing 25 mM Tris, 192 mM glycine, and 0.1% (w/v) SDS. Three replicate gels were 
produced and an unstained Precision Plus protein standard (Bio-Rad) used in estimating the 
molecular mass of proteins. Gels were then fixed in a 10% methanol-7% acetic acid solution 
for 1 h prior to staining overnight in a blue-silver stain solution and destained in 1% acetic acid 
as described by (Candiano et al., 2004). Gels were imaged using a Bio-Rad ChemiDoc XRS 
system.  
2.5.2 2-Dimensional gel electrophoresis - first dimension: isoelectric focusing 
Isoelectric focusing was carried out using the protocol provided by the Mass Spectrometry 
Core Facility (MSCF) at The University of Sydney. The samples were prepared for in-gel 
rehydration by preparing a rehydration stock solution for the 11cm immobilised pH gradient 
(IPG) strip (8 µg of sample then top up to 250 µL of the rehydration stock solution {5 M urea, 
2 M thiourea, CHAPS (2% w/v), sulfobetaine 3-10 (2% w/v), 40 mM Tris, and 1% Bio-Lyte 
3/10 Ampholyte}). The samples were pipetted along the bottom of the 11cm rehydration tray. 
Care was taken to ensure that the sample was evenly distributed and there were no bubbles. An 
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overlay of 2 mL mineral oil was added and the rehydration tray covered and incubated at room 
temperature overnight. Two paper wicks were wetted with 8 µL of water and placed over the 
electrodes in the tray, for each strip. The strips were transferred to the focusing tray by carefully 
placing them gel side down over the electrodes (matching the polarity). The focusing tray was 
placed on the isoelectric focusing cell and the strips covered with 2 mL mineral oil. The cell 
was run according to the following profile: step 1,200 V, 30 min; step 2, 1000 V, 1 h; step 3 
3000 V, 1 h; step 4 5000 V, 40 KVh; step 5, 100 V, hold). The total KVh was recorded once 
the run was completed. 
2.5.3 2-Dimensional gel electrophoresis - Second dimension: SDS-PAGE  
Equilibration buffer (50 mM Tris-Cl pH 8.8, 6 M urea, 30% glycerol, 2% SDS, bromophenol 
blue, 2% dithiothreitol (DTT) was added to the IEF strip, which was placed gel-side-up in an 
equilibration tray, and placed on a shaker for 15 min. The strip was inserted into the well on 
the gel with the anodic end towards the molecular weight markers well. The strip was then laid 
directly on the gel surface and slight pressure was applied to remove any trapped air bubbles. 
The strip was then overlayed with approximately 700 µL of overlay solution (0.5% (w/v) 
Agarose, 0.001% (w/v) Tris-glycine running buffer). The gel cartridge was then placed in the 
tank and approximately 100 mL of Tris-glycine running buffer (24.8 mM Tris, 192 mM 
glycine, 20% SDS solutions (1.0% v/v)) added to the upper chamber, and the remaining buffer 
added to the lower chamber. Molecular weight markers (Biorad; 10-250 kD) were loaded onto 
wicks (2 µL for Sypro stained gels, 10 µL for Coomassie stained gels), and inserted next to the 
IPG strips. The gels were run at 180 V for 50 min for the 11 cm gels. The 24 cm gels were run 
at 50 V for 30 min, then 100 V for 16 h. 
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2.5.4 Double staining and protein visualisation 
After completion of the second dimension, the gel was carefully removed and placed in a 
staining tray followed by addition of the fix/wash solution (1% v/v Methanol, 0.7% v/v Acetic 
acid) then left to gently shake for a minimum of 1 h at room temperature. The fix/wash solution 
was discarded and 100 mL of Sypro Ruby stain added and the gel left to stain overnight with 
gentle shaking to ensure even stain coverage. The gel was transferred to 100 mL of fix/wash 
solution for a minimum of 1 h, and then washed in distilled water before being placed on the 
FLA9000 scanner (GE Healthcare) for visualisation. The gels were then post -stained with 
Coomassie Blue G250 by immersing the gel in a tray containing freshly prepared colloidal 
Coomassie Blue working stain (1 g/L (w/v) Coomassie Brilliant Blue G250, 100 g/L 
ammonium sulphate (w/v), 85% Phosphoric acid (1.2% v/v), 20% methanol) and left to stain 
overnight. After rinsing in distilled water, the gel was placed on the GS-800 (Biorad) for 
scanning and visualisation. The protein spots were analysed and identified using mass 
spectrometry at the MSCF.  
2.6 Identification of proteins 
2.6.1 Trypsin digestion and MALDI-TOF MS  
All the visible spots on the Coomassie stained gels were marked for picking. Gel plugs 
containing each spot were produced by cutting the spots into 1 mm3 pieces and placing them 
into ABGene skirted PCR plates. The gel plugs were destained by adding 20 μL of destain 
solution (20 mM ammonium bicarbonate, 40% acetonitrile) and shaking at room temperature 
for 10 min. Destaining was repeated four times until all the dye was removed. The gel plugs 
were rinsed twice with 100% acetonitrile and dried by vacuum centrifugation for 5 min. The 
gel pieces were then digested in 3-15 μL trypsin (Sequencing Grade Trypsin; 12 ng/ μL in 50 
mM ammonium bicarbonate), depending on their size by incubating at 4oC for 1 hr. Excess 
trypsin was removed and the plugs incubated at 37oC overnight after addition of 15 μL 
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ammonium bicarbonate. Clean MALDI target plates were used for spotting 1 μL of the sample, 
and then adding 1 μL of the matrix (0.1% trifluoroacetic acid, 70% acetonitrile, saturated α-
cyano-4-hydroxycinnamic acid) on top of the sample. A calibration standard was also added to 
one well on the plate. The spots were allowed to dry prior to MALDI-TOF MS ((Matrix-
assisted laser desorption/ionisation time of flight mass spectrometry). The MALDI target plate 
was loaded into the QSTAR Elite (Applied Biosystems). Peptide Mass Fingerprinting (PMF) 
data acquisition was done by first calibrating the QSTAR by selecting monoisotopic peaks for 
at least two reference peptides. The sample data were collected when at least 200 total ion 
counts (TIC) for peptide peaks were obtained.  
2.6.2 Peptide mass fingerprinting (PMF) data analysis 
Data from the QSTAR Elite was transferred to Protein Pilot software for analysis. For the best 
quality data, the monoisotopic peak lists were picked manually by entering the individual peak 
masses in an Excel file. The peak lists obtained were searched against rhizobia databases in the 
MASCOT server vr 2.4 (Matrix Science). The MASCOT server settings for Proteobacteria 
were as follows: enzyme - trypsin (allowing up to 1 missed cleavage), variable modifications 
included oxidation (M) and propionamide (C). Other settings included peptide tolerance of +/- 
0.2 Da, peptide charge of 1+, and instrument MALDI-TOF-PSD. The search results were 
limited to significant hits for each sub-section of the database. Non-significant hits from ‘good’ 
spectra were searched against the whole MASCOT database. The scores were based on a 
probability level of -10*Log (P), where P was the probability that the observed match was a 
random event. Protein scores greater than 62 were considered significant at p<0.05. A decoy 
score was also analysed to eliminate false positives, as it gives more accurate protein searches 
compared to e-values (Batista et al., 2010). The details of results recorded included, accession 
number, protein name, score, number of matched peptides, number of submitted peptides and 
% coverage. The identified proteins were matched with the Uniprot database in order to further 
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classify them into functional groups and respective pathways (Young et al., 2006). Statistical 
analyses were performed using Graphpad Prism (7th edition) to determine differential protein 
expression by analysis of variance (ANOVA). Data were considered significant at p<0.05 and 
the differences between mean values compared using Tukey’s multiple comparison test.  
2.7 Mutagenesis 
2.7.1 Strains, media and growth conditions 
The strains, plasmids and primers used for mutagenesis are listed in Table 2.2. Escherichia coli 
strains were cultured on Luria–Bertani medium (Sambrook et al., 1989) either as a broth or as 
solidified with 1.5% (w/v) agar. Rhizobium leguminosarum bv. viciae 3841 was cultured either 
on TY containing 6 mM CaCl2 (Beringer, 1974), or acid minimal salts medium (AMS) 
containing 0.2% (w/v) glucose as a sole carbon source and 15 mM NH4Cl as a sole nitrogen 
source (Poole et al., 1994). Where required, media was supplemented with antibiotics at the 
following concentrations: streptomycin 500 μg/ml, kanamycin 50 μg/ml, gentamycin 20 μg/ml 
(10 μg/ml for E. coli), amplicillin 100 μg/ml. 
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TABLE 2.2: Strains, plasmids and primers used in this study. Underlined bases in primer sequences indicate complementary regions used for 
fusing PCR products by oePCR. 
 Relevant details Reference 
Strains   
E. coli DH5α endA1, hsdR17, supE44,thi-1, recA1,gyrA96, relA1, D(argF-lacZYA), 
DlacU169, f80lacZDM15 
Invitrogen 
R. leguminosarum 
3841 
Spontaneous streptomycin-resistant derivative of R. leguminosarum bv. viciae 
strain 300 
(Glenn et al., 1980, Johnston and 
Beringer, 1975) 
Plasmids   
pJQ200SK+ Suicide vector, P15a ori, mob, sacB, Gmr (Quandt and Hynes, 1993) 
pRK2013 Helper plasmid for mobilization of non-self-transmissible plasmids, Kmr (Figurski and Helinski, 1979) 
pDrD30 pJQ200SK-based suicide vector for gene RL1567, Gmr This study 
pDrD31 pJQ200SK-based suicide vector for gene RL3579, Gmr This study 
   
Primers   
NW71 GGCTGCAGATTGCCAGATATT This study 
NW72 GCAAGTATTTTTCCGACACCCTCGAATGACG This study 
NW73 CGAGGGTGTCGGAAAAATACTTGCGGTCGCCTG This study 
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NW74 GTTCATCGCGCTGTTCGT This study 
NW75 CGTGATGAGGGACAAGGATT This study 
NW76 TCGGTTATCCGCAGGCAAAACATAAAGCACCG This study 
NW77 TATGTTTTGCCTGCGGATAACCGATAACGCGA This study 
NW78 GAATTTCGCCTCGATCAGGATG This study 
NW3 GCCCTGTTACTCTCGAATTT   This study 
NW4 CTCGATGGTCAGCGATTG     This study 
NW41 GGTTTTCCCAGTCACGACGT This study 
NW42 GCAGTGAGCGCAACGCAAT This study 
pJQ200SK_F ATTAATTGCGTTGCGCTCAC This study 
pJQ200SK_R CAACGTCGTGACTGGGAAA This study 
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2.7.2 PCR and molecular methods 
All PCRs were performed using a high fidelity polymerase (Q5 polymerase, New England 
Biolabs). PCRs contained 1 X Q5 HF reaction buffer, 200 μM dNTPs, 0.5 μM each primer, 
0.2 U/μl Q5 polymerase and 5-10 ng template DNA. Standard PCR cycling conditions were 
as follows: 98°C for 0:30, 1 cycle; 98°C for 0:10, 66°C for 0:15, 72°C for 0:30 per kb, for 
30-35 cycles; 72°C, 5:00. PCR products were verified by agarose gel electrophoresis and 
purified using SPRI Ampure XP beads (Beckman Coulter). 
2.7.3 Construction of knock-out mutants 
A scar-less in frame deletion mutant of genes RL1567 and RL3579 was made using a 
pJQ200SK-based two-step allelic exchange method (Quandt and Hynes, 1993) by Dr. Neil 
Wilson in our laboratory. For gene RL1567, primer pairs NW71/NW72 and NW73/74 
(NW75/NW76 and NW77/78 for RL3579) were used to synthesise PCR fragments with 
~1000bp homology to either side of RL3579, containing only the first and last few amino 
acids of the gene. These fragments were then joined by overlap extension PCR (oePCR) 
(Horton et al., 1989). Reaction components for oePCR were identical to those listed above, 
and the PCR was run in two stages. For the first stage, no primers were added, and the 
template DNA was a 1:100 dilution of the purified round 1 products. The PCR was run for 
15 cycles using the cycling parameters listed above. The second stage of the oePCR was 
performed by adding primers NW71/NW74 (for RL1567) or NW75/NW78 (for RL3579) 
directly to the first PCR. The PCR was then run for an additional 15 cycles. 
The plasmid backbone (pJQ200SK) was PCR amplified using primer pair pJQ200SK_F and 
pJQ200SK_R. Both the insert and vector PCRs were then purified using Ampure XP beads 
and quantified by fluourimetry (Quantifluor dsDNA kit, Promega).  The DNA fragments 
were joined by Hot Fusion cloning as described previously (Fu et al. 2014) to form plasmids 
pDrD30 (Fig. 2.3) and pDrD31 (Fig. 2.4). The plasmid was transformed into E. coli DH5α 
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and gentamycin resistant mutants were selected. The sequence of each plasmid was 
confirmed by RFLP analysis and Sanger sequencing of the insert DNA. 
 
FIGURE 2.3: Map showing plasmid pDrD30 containing Rlv3841-RL1567 suicide vector. 
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FIGURE 2.4: Map showing plasmid pDrD31 containing Rlv3841-RL3579 suicide vector. 
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2.7.4 Tri-parental conjugation, selection and confirmation of knock-out mutants 
A tri-parental conjugation was used to transfer pDrD31 into 3841. 3841 was grown in TY 
broth to an OD600 of approximately 0.8. Overnight cultures of E. coli carrying the suicide 
plasmid and another carrying the helper plasmid pRK2013 were prepared and diluted to an 
OD600 of approximately 0.8. In a 1.5 mL Eppendorf tube, 600 μL of 3841 was mixed with 
300 μl of each of the E. coli cultures. The cell mix was immediately pelleted by 
centrifugation, washed with 1mL 1 X PBS buffer, centrifuged again and resuspended in 100 
μL PBS buffer. The cell mixtures were then spotted onto TY agar and incubated overnight 
at 30°C. Cells from the conjugation spot were collected and resuspended in 500 μL PBS 
buffer. Single-crossover trans-conjugants were selected by spread plating dilutions of cells 
on AMS agar containing gentamycin with incubation at 30°C. Counter selection of double 
crossover mutants was generated by growing a Gmr clone to stationary phase in AMS broth 
without gentamycin and then selected by plating dilutions on AMS agar containing 5% (w/v) 
sucrose. Sucrose resistant colonies were picked and screened for a gentamycin sensitive 
phenotype, indicating loss of the plasmid backbone. Clones which were Sucr and Gms were 
selected and screened by PCR using primers NW3 and NW4 until a positive deletion mutant 
was identified. Confirmed knockout mutants were then screened for a defecting stress 
tolerance phenotype using the filter membrane desiccation assay as described in section 
2.3.2. 
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CHAPTER THREE 
DESICCATION TOLERANCE OF RHIZOBIA AFTER GROWTH IN 
DIFFERENT SOURCES OF PEAT 
3.1 Introduction 
Desiccation is one of the main causes of bacterial death following application to seeds and 
an increased tolerance to desiccation can considerably enhance the survival of rhizobia on 
seed (Deaker et al., 2004, Vanderlinde et al., 2009). Reduced survival may affect the 
subsequent rate of nitrogen fixation by inoculated legumes (van Ham et al., 2016) Survival 
varies with relative humidity and rate of dehydration (Mary et al., 1994) and high survival 
rates have been reported after slow rehydration of desiccated bacteria (Streeter, 2003). 
Although seed inoculation, storage time and long term survival has been the main focus of 
rhizobia research, many issues still remain regarding the physiological response of rhizobia 
to desiccation (Deaker et al., 2004, Vriezen et al., 2007). Survival of rhizobia has been 
proven to be significantly improved when grown in peat before application to seed or 
desiccation stress, when compared with liquid-grown cultures (Albareda et al., 2008, 
Casteriano et al., 2013). This improvement in survival has been attributed to the partial 
encapsulation of cells within a protective matrix of peat particles coated on the seed (Dart 
et al., 1969, Feng et al., 2002). Feng et al. (2002) reported a 1.7% recovery of rhizobial cells 
extracted from peat cultures 24 h after application to plastic beads, while no viable liquid-
grown cells were recovered from inoculated beads. It has been suggested that adaptive 
changes observed in peat-cultured cells such as cell wall thickening and changes in protein 
expression, resulting from nutrient and oxygen limiting conditions during growth, may 
contribute to their higher rate of survival (Dart et al., 1969, Feng et al., 2002, Casteriano et 
al., 2013). While adaptive changes have been observed in peat-cultured cells, it is not clear 
whether it is the chemical or physical environment that induces these changes.  
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Studies on desiccation tolerance in rhizobia have been reported over many decades and 
different methods to apply desiccation stress have been developed (Bushby and Marshall, 
1977, Thompson, 1988, Mary et al., 1985, Deaker et al., 2007, Cytryn et al., 2007, Vriezen 
et al., 2007).  Thomson (1988) inoculated beads (glass and plastic) with rhizobia to remove 
any confounding effects of seed coat toxicity and water imbibition and Bushby and Marshall 
(1977) reported that the addition of montmorillonite clay to a sand matrix could enhance 
desiccation tolerance.  Mary et al. (1994) immobilized rhizobia on membrane filters before 
subjecting cells to various relative humidity with and without a vacuum applied to vary the 
rate of dehydration, while Cytryn et al. (2007)  Also used variations of the filter membrane 
technique more recently. Deaker et al. (2007) developed a vacuum drying technique to study 
the effects of different polymers on desiccation tolerance of rhizobia by  suspending cells in 
a glass ampoule to remove any confounding effects of variable adhesive properties and 
viscosity of polymers which may be a problem when coating beads or filtering through 
membranes.  Casteriano et al. (2013) found that the stress imposed from vacuum drying 
cells was too extreme for measuring differences in desiccation tolerance of cells suspended 
in water and that the rate of dehydration was reduced by suspending cells in a trehalose or 
polymer solution allowing treatment differences to be detected.  
The aim of this chapter was to determine if desiccation tolerance varied between rhizobial 
strains after growth in extracts prepared from different sources of peat. Two protocols for 
measuring desiccation tolerance were used to determine which technique was most suitable 
to differentiate the effect of experimental treatments.  These were the vacuum drying 
technique described by Deaker et al. (2007) and modified by Casteriano et al. (2013), and a 
filter membrane assay modified in our laboratory by Dr Neil Wilson from Gilbert et al. 
(2007)  and Ophir and Gutnick (1994). Desiccation tolerance of strains in different peat 
sources were related to the chemical composition of peat. 
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3.2 Experimental overview 
3.2.1 Desiccation tolerance using the vacuum drying technique 
Two experiments were carried out using the vacuum drying technique with the following 
experimental designs: 
a. Two rhizobial strains (TA1 and CB1809) × three growth media (JMM, BASF and NEM 
‘old’) × three replicates 
b. Four rhizobial strains (TA1, 3841, CB1809 and USDA110) × 2 growth media (JMM and 
NEM ‘new’) × 3 replicates 
The first experiment was done with only two strains for optimization which then led to 
inclusion of two additional strains in the second experiment. Peat extract made from BASF 
peat was removed from the second experiment as it was difficult to extract cells because of 
excess EPS production. The ‘old’ and ‘new’ NEM were from different batches of peat mined 
from different locations by the same company. 
3.2.2 Desiccation tolerance using the membrane filter technique 
Desiccation tolerance was measured using the membrane filter technique to remove the need 
to harvest cells by centrifugation thus overcoming the problem of excess EPS production.  
Two experiments were carried out with the following designs: 
a. Four rhizobial strains (TA1, 3841, CB1809 and USDA110) × 3 media (TY, BASF and 
NEM) × three replicates × one relative humidity (70%) 
b. One rhizobial strain (3841) × five media (TY, BASF, NEM old, NEM new and 
Novozyme peat extracts) × three replicates × one relative humidity (57%) 
The relative humidity was reduced to 57% after this was determined that this level could 
differentiate desiccation treatments from the controls.  
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3.2.3 Chemical analysis of different peat sources  
Total organic carbon (TOC) and nitrogen (TON), and an elemental analysis was conducted 
on triplicate samples of aqueous peat extract according to methods listed in Chapter 2 
Section 2.2.2. 
a. TOC and TON were measured using two extracts of BASF and NEM peat 
b. Elemental analysis was measured using three peat extracts (BASF, NEM old and NEM 
new) and two liquid growth media (JMM and TY) 
3.2.4 Data analysis 
Mean and standard error (SE) values from three replicates for each treatment were calculated 
using Microsoft Office Excel 2010. Significant differences in cell numbers between the 
treatments were determined by ANOVA using GraphPad Prism7.00 and GenStat 16th 
Edition (VSN International). Significant differences in survival were determined by 
ANOVA after appropriate transformation of data. Differences were considered significant 
at p<0.05.  
3.3 Results 
3.3.1 Desiccation tolerance of rhizobia after vacuum drying 
Drying washed cells of TA1 using the vacuum drying technique reduced cell numbers by 
two to three orders of magnitude.  There was a significant effect of medium on growth and 
survival of TA1 (p<0.001) grown under the same conditions and time point.  The BASF 
peat extract reduced growth of cells while cell growth was significantly higher in JMM and 
highest in NEM ‘old’ peat extract (Table 3.1).  The survival was calculated as a percentage 
of the number of viable cells after vacuum drying relative to the initial cell counts. The 
survival of CB1809 grown in NEM ‘old’ peat extract was significantly higher than cells 
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grown in BASF and JMM (p<0.001) (Table 3.2), while the survival of TA1 was significantly 
higher after growth in BASF peat extract.  
TABLE 3.1: Effect of growth media on the viable number of washed and resuspended 
rhizobia cells (TA1) 
Medium Viable number of rhizobia (cfu/mL of 
washed cell suspension) 
JMM 2.48 x 109 b 
BASF 9.38 x 108 c 
NEM old 4.30 x 109 a 
Values are geometric means from three replicates, and different letters represent 
significant differences at P<0.001***.    
 
TABLE 3.2: Strain x medium interactive effect on the viability of rhizobia grown in 
different media before and after vacuum drying 
Strain Medium 
Viable number of rhizobia (cfu/mL 
of washed cell suspension) 
% survival after 
drying  
Before drying After drying (2 h)  
TA1 
JMM 3.77 x 109 1.80 x 106 b 0.05 c 
BASF 9.57 x 108 2.04 x 106 b 0.22 b 
NEM ‘old’ 4.07 x 109 2.44 x 106 b 0.06 c 
CB1809 
JMM 2.04 x 109 9.27 x 105 c 0.06 c 
BASF 9.47 x 108 2.10 x 106 b 0.22 b 
NEM ‘old’ 5.02 x 109 2.50 x 107 a 0.56 a 
Significance  ns *** ** 
Rhizobia were grown in a defined minimal medium (JMM) or aqueous peat extract 
prepared using peat from different commercial sources (BASF or NEM).  Values represent 
the geometric mean from 3 replicates, after log10 (counts) or square root (percent) 
transformation.  Data from each time point were analysed using 2-way ANOVA. Different 
letters in columns for each time indicate significant differences in viable cell numbers, 
before and after vacuum drying for 2 h, and the percentage survival. * P<0.05, ** P<0.01, 
*** P<0.001, ns not significant.    
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In the second experiment, four rhizobia strains (3841, TA1, USDA110 and CB1809) were 
grown in JMM and NEM ‘new’ peat extracts. Significant differences between the treatments 
was observed  at p<0.05. In similar results to the first experiment, the survival rate of the 
rhizobia strains grown in NEM peat extracts was higher than in the control media. However, 
there was no significant differences in survival across all the time points for all the four 
strains.  The strains 3841 and TA1 exhibited improved survival after growth in NEM ‘new’ 
peat extract over the control media JMM (p<0.05), though no significant differences in 
survival were detected between TA1 and 3841 after growth in peat extract (p<0.05) (Tables 
3.3, 3.4). Cells of CB1809 grown in NEM ‘new’ peat extract had a higher survival rate than 
those grown in the control media, JMM (p<0.0001) (Tables 3.3 and 3.4). However, 
USDA110 grown in NEM ‘new’ peat extract did not show improved survival over the 
control media, with no significant differences between the USDA110 and CB1809 grown 
in NEM ‘new’ peat extract.  
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TABLE 3.3: Strain x medium interactive effect on viability of rhizobia at each time point 
Strains 
Viable number of rhizobia (cfu/mL of washed cell suspension) 
0 h 2 h 24 h 
JMM NEM new JMM NEM new JMM NEM new 
TA1 2.88 x 1010 a 2.05 x 109 b 3.64 x 105 b 1.12 x 106 a 3.46 x 104 b 1.00 x 106 a 
3841 2.10 x 1010 a 2.02 x 109 b 4.65 x 104 c 6.21 x 105 ab 2.74 x 103 d 4.65 x 105 a 
CB1809 2.90 x 1010 a 1.76 x 109 b 3.90 x 105 b 6.11 x 105 ab 4.32 x 104 b 3.79 x 104 b 
USDA110 1.63 x 109 b 1.40 x 109 c 3.76 x 104 c 5.37 x 105 b 9.62 x 103 c 4.59 x 104 b 
Significance *** *** *** 
Values represent the geometric mean from 3 replicates, of viable cell numbers before drying (0 h), immediately after drying (2 h) and after storage 
over silica gel at room temperature (24 h).  Data from each time were analysed using 2-way ANOVA. Different letters in columns for each time point 
indicate significant differences * P<0.05, ** P<0.01, *** P<0.001, ns not significant.    
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TABLE 3.4: Strain x medium interactive effect on survival of rhizobia at each time point 
Strains 
Cell survival (% of CFU/mL of original suspension before drying)  
2 h 24 h 48 h 
JMM NEM new JMM NEM new JMM NEM new 
TA1 
0.0013 0.0553 0.0002b 0.0491a 0.00008e 0.031a 
3841 
0.0002 0.0327 0b 0.0338a 0.00002de 0.02574b 
CB1809 
0.0015 0.0351 0.0002b 0.0022b 0.00007de 0.00129c 
USDA110 
0.0024 0.0386 0.0006b 0.0033b 0.00031de 0.00048d 
Significance ns *** *** 
Values represent the geometric mean from 3 replicates, of percentage survival after square root transformation.  Data from each time were analysed 
using 2-way ANOVA. Different letters in columns for each time point indicate significant differences * P<0.05, ** P<0.01, *** P<0.001, ns not 
significant. 
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3.3.2 Desiccation tolerance of rhizobia using a filter membrane assay 
A significantly higher survival was reported for TA1 and USDA110 after slow drying at 
70% RH, after growth in both NEM ‘new’ and BASF peat extracts compared with cells 
grown in the control media (Table 3.5). Strain 3841 only showed significant improvement 
in survival after growth in BASF peat extract while CB1809 showed no significant survival 
differences due to growth media over the control. 
Cells from strain 3841 grown in NEM survived better than cells grown in the control media 
TY (p<0.05) (Table 3.5). A sharp decrease in cell numbers was observed after drying for 
both 3841 and TA1 grown in BASF peat. Cells of TA1 grown in control media TY had the 
best rate of survival over cells grown in the two peat sources (p< 0.001). The cell numbers 
of the Bradyrhizobium species declined slightly at a constant rate at 70% RH and cells of 
USDA110 grown in YEM survived better than cells grown in both peat sources (p<0.05) 
(Table 3.5). The cells of CB1809 reported a significanlty higher survival after growth in TY 
as compared to both peat sources, at 70% RH.  
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TABLE 3.5: Strain x medium interactive effect on survival of rhizobia at each time point after equilibrating to 70% RH for 24 h 
Strain 
Number of viable rhizobia on filter membranes before and after equilibration at 70% RH 
(cfu/mL) 
% survival of rhizobia on dried 
membranes after 24 h storage at 
70% RH  0 h 24 h 
BASF NEM TY BASF NEM TY BASF NEM TY 
3841 9.75 x 108 d 8.11 x 108 d 2.72 x 109 abc 2.02 x 107 e 9.42 x 107 d 2.03 x 108 c 2.1 f 11.8 cd 7.5 e 
CB1809 2.40 x 109 ab 2.22 x 109 bc 2.15 x 109 bc 3.55 x 108 b 3.02 x 108 b 4.26 x 108 a 14.9 bc 13.7 bcd 20.0 a 
TA1 8.71 x 108 d 6.79 x 107 e 1.91 x 109 c 2.44 x 106 f 2.33 x 106 f 1.97 x 108 c 0.3 g 3.5 f 10.3 d 
USDA110 2.76 x 109 ab 3.49 x 109 a 2.38 x 109 bc 2.82 x 108 bc 2.19 x 108 c 4.11 x 108 a 10.3 d 6.4 e 17.5 ab 
Significance *** *** *** 
Values represent the geometric mean of viable cell numbers on filter membranes before drying (0 h) and viable numbers and survival of cells (%) after 
drying and storage at 70% RH at room temperature (24 h).  Data from each time point were analysed using 2-way ANOVA after log10 transformation 
for viable numbers and square root transformation for percent survival. Different letters in columns for each time indicate significant differences * 
P<0.05, ** P<0.01, *** P<0.001, ns not significant.    
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When 3841 cells grown on TY were dried rapidly (RH 57%), the viable cell numbers 
declined rapidly after 24 h to 1% survival (Table 3.6). This was significantly less than the 
survival  of 3841 of 7.5% under slow drying at RH of 70% (Table 3.5). There was a 
significant improvement in survival of 3841 grown in BASF peat extract when the cells 
were dried at a lower RH (57%) than at 70%RH (Table 3.5). However, a similar trend in 
survival was observed for 3841 grown in ‘new’ NEM peat extract at both levels of RH.  
TABLE 3.6: Strain x medium interactive effect on survival of rhizobia at each time point 
Growth media 
Viable number of 3841 on membrane 
filters before and after equilibration at 
57% RH (cfu/mL) 
% survival  
0 h 24 h 
BASF 1.35 x 108 c 6.41 x 106 d 4.1 c 
NEM new 2.93 x 108 b 4.25 x 107 b 14.6 a 
NEM old 3.20 x 108 b 2.60 x 107 b 8.1 b 
Novozymes 1.22 x 109 a 1.74 x 108 a 14.5 a 
TY 2.21 x 109 a 1.74 x 107 c 0.8 d 
Significance *** *** *** 
Values represent the geometric mean of viable cell numbers on filter membranes before 
drying (0 h) and viable numbers and survival (%) of cells after drying and storage at 57% 
RH at room temperature (24 h).  Data from each time point were analysed using 2-way 
ANOVA after log10 transformation for viable numbers and square root transformation for 
percent survival. Different letters in columns for each time indicate significant differences 
* P<0.05, ** P<0.01, *** P<0.001.    
 
 
3.3.3 Chemical analysis of peat extracts and other growth media 
3.3.3.1 Total organic carbon and nitrogen in aqueous peat extract (TOC/TON) 
The C:N ratios for peat extract and JMM were calculated from the total organic carbon and 
nitrogen values (Table 3.7). The C/N ratio of BASF peat extract of 4.2, was significantly 
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higher, and almost double, the C/N ratio of NEM (old), which was 2.4. JMM had a C/N ratio 
of 5.8 which was higher than the two peat sources.  The ratio for JMM was calculated from 
the atom percentage of C and N added as ingredients including D-galactose, L-arabinose, 
L-glutamate, HEPES, biotin, pantothenic acid and thiamine HCl. 
TABLE 3.7: Total organic carbon, nitrogen and C:N ratio in peat extracts and JMM 
Medium TOC (mg/L) TON (mg/L) C/N 
NEM old 1020 a 428 a 2.4 b 
BASF 744 b 179 b 4.2 a 
JMM 3242 560 5.8 
Significance *** *** *** 
C:N ratio for JMM was calculated from the proportion of C and N provided from quantities 
of D-galactose, L-arabinose, L-glutamate, HEPES, biotin, pantothenic acid and thiamine 
HCl included in the media and was not included in the statistical analysis. Data in each 
column were analysed using 1-way ANOVA. Different letters in columns for each time 
indicate significant differences * P<0.05, ** P<0.01, *** P<0.001, ns not significant.  Note: 
comparisons were only between NEM and BASF, JMM was excluded from the data 
analysis. 
 
3.3.3.2 Elemental analysis of peat extracts and growth media 
Elemental analysis of peat extracts and growth media was performed using inductively 
couple plasma atomic absorption spectroscopy after acidifying the filtered extracts with a 
drop of HNO3.  There were significantly different quantities of all elements, except copper, 
in all media (Table 3.8).  When compared with growth media TY and JMM, peat extracts 
had higher calcium and magnesium levels and less phosphorus, potassium and zinc.   
The survival of 3841 grown on agar media was not significantly correlated (P>0.05) to the 
elemental analysis in corresponding media (BASF, NEM old, NEM new and TY). There 
were significant correlations between viable cell numbers before drying and some elements.  
There was a significant negative relationship between average numbers of viable rhizobia 
after growth on agar media (TY, NEM old, NEM new and BASF) and Mg (P = 0.0373) and 
S concentration (P = 0.0353).  The relationship between viability and Ca was a strong trend 
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(P = 0.0611).  The relationship between growth and elemental composition varied with 
strain.  The growth of 3841 was negatively correlated with Mg (P = 0.0031) and positively 
correlated with P (P = 0.0182) and zinc (P= 0.0116).  The growth of USDA110 was 
positively correlated with Ca (P = 0.0164) and Mg (P = 0.0354) and negatively correlated 
with K (0.0217), P (P <0.001) and Zn (P = 0.0098).  The growth of TA1 was only negatively 
correlated with S (P = 0.0177).  The relationship between survival and elemental 
composition of the liquid cultures (JMM, BASF, NEM new and NEM old) also varied with 
strain and element.  There was a significantly positive relationship between growth of 
CB1809 and K (P = 0.0114), P (P = 0.0225) and Zn (0.0311).  Growth of TA1was also 
positively correlated with P (P = 0.0102) and zinc (P = 0.004) but negatively related with 
Mg (P = 0.0145).   When JMM and TY are excluded from the analysis, only Mg in peat 
extracts had a significant positive effect on growth (P = 0.0314 for TA1 and CB1809 in 
liquid extract, P = 0.0496 for 3841 on agar medium).  
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TABLE 3.8: Elemental analysis of peat extract and other growth media 
Medium 
Element (mg/L) 
Ca Cu Fe K Mg Mn P S Zn 
 JMM 12.4 d 0.073 1.949 a 763.5 a 44.8 c 0.335 b 529.2 a 230.8 a 0.8065 a 
 TY 99.5 c 0.03 0.319 b 182.7 b 7.2 d 0.044 b 102.6 b 40.8 d 0.761 a 
 BASF 629.1 b 0.074 1.893 a 25.5 d 179 b 0.196 b 0.5 c 127.5 c 0.0166 b 
 NEM (New) 613.6 b 0.056 0.2 b 19.2 d 190.4 b 6.172 a 0.5 c 186.7 b 0.0297 b 
 NEM (Old) 1428.8 a 0.051 0.303 b 84.1 c 226.1 a 0.452 b 7.1 c 194.3 b 0.0394 b 
Significance *** ns *** *** *** *** *** *** *** 
Data for each element were analysed using 1-way ANOVA. Different letters in columns indicate significant differences * P<0.05, ** P<0.01, 
*** P<0.001, ns not significant.
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3.4 Discussion 
The filter membrane desiccation assay resulted in better recovery of viable rhizobial cells 
when compared to the modified vacuum drying method. While survival of rhizobia using 
the vacuum drying method was sufficient to highlight the differences in survival, especially 
when using polymers (Deaker et al., 2007), the filter membrane assay was considered as a 
less harsh method of drying cells than the vacuum drying technique. The recovery of cells 
from the membranes was also easier and could be easily transferred to the recovery solution 
before doing the cell counts. In addition, as cells were not required to be collected by 
centrifugation as they were in the liquid media, the difficulties in separating cells from EPS 
were not an issue as cells were contained on membrane filters which could be easily 
separated from growth media. The broth cultures, especially of CB1809, generated large 
amounts of EPS which made it hard to extract cells for the desiccation assay. 
The results from this study demonstrated varying levels of decline in viable cell numbers 
during the drying periods due to vacuum drying and different levels of relative humidity. 
These experiments indicated that the rate of drying affects the survival of all the four strains 
tested (3841, TA1, USDA110 and CB1809). Vacuum drying and rapid drying of cells at 
57% RH caused significant decreases in viable cell numbers of cells previously grown in 
peat extract, after the desiccation process of 2 h and 24 h respectively. Slow drying at 70% 
RH resulted in higher levels of survival after growth in peat extract. These results are in 
accordance with previous studies of survival of rhizobia after conditions of desiccation 
stress (Mary et al., 1985). Mary et al. (1994) reported high tolerance of B. japonicum to 
desiccation with viable cell numbers decreasing at a constant rate at all the RH levels tested 
(3%, 22%, 43.6%, 67.8% and 83.5%). The authors also reported a sharp decline of 
Rhizobium cell numbers at low RH (<43.6%) and better survival at 67% RH with the 
Rhizobium strains more susceptible to desiccation than the strains of Bradyrhizobium. It has 
been shown that lethal effects of oxygen on rhizobia increase as RH levels decrease, and 
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this is probably linked to increased degradation of DNA and cell death. Rapid removal of 
water from the rhizobial cells damages the bacterial cells thus rendering them non-viable 
(Mary et al., 1985, Hartley et al., 2012). Very low RH levels lead to inhibition of vital cell 
functions including changes in cell membrane permeability, inhibition of intracellular 
enzymes, rupture of the cell envelope and leakage of key constituents of the cell. There were 
no observed differences in survival on membrane filters at 70% RH or after 2 h drying. 
However, there was a general improvement in survival of Bradyrhizobium strains USDA110 
and CB1809, compared to R. leguminosarum strains 3841 and TA1 during storage for 24 h 
and 48 h. This has been shown in previous studies confirming that slow growing rhizobia 
(Bradyrhizobium) are more tolerant to desiccation than fast growing rhizobia such as R. 
leguminosarum (Mary et al., 1994, Deaker et al., 2007, Casteriano et al., 2013). The results 
from this study also demonstrated the increased survival of rhizobia Bradyrhizobium and R. 
leguminosarum strains after growth in peat extract, and this can be attributed to 
physiological changes in the cells to adapt to desiccation stress. At a high relative humidity 
of 70%, the survival of 3841 and TA1 grown in BASF peat extract was significantly reduced 
compared to USDA110 and CB1809. Improved survival rates were reported for 3841 and 
TA1 grown in NEM peat extract. The superior capacity of rhizobial cells to show high levels 
of survival after growth in peat is in line with findings from Casteriano et al. (2013). Feng 
et al. (2002) also reported improved survival of Rhizobium cells extracted from peat cultures 
compared to broth cultured cells. The varying response of rhizobia to the two peat sources 
can be linked to the different climate of the two geographical locations the peat was sourced 
from. This leads to varying plants species that directly affect decomposition of organic 
matter to form varying peat characteristics (Casteriano, 2013). The peat used in the current 
study was analysed and found to contain different C/N ratios for the two peat sources with 
BASF peat having twice as much carbon as NEM peat.  
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Cells grown in the BASF peat produced increased amounts of EPS which could be due to 
the high C:N ratio which can result in higher EPS production by rhizobia (Tavernier et al., 
1997). A study on Pseudomonas spp. reported improved desiccation tolerance with 
production of EPS which was implicated in forming a protective matrix that keeps the cells 
in a hydrated environment (Roberson and Firestone, 1992). The role of EPS in desiccation 
stress was tested by Vanderlinde et al. (2010) who reported a three-fold reduction in survival 
of a 3841 mutant (ABC-transporter operon involved in EPS transport) compared to the wild-
type. When ABC-transporter operon was restored to the mutant, the authors reported that 
the desiccation tolerance of the mutant was restored to levels similar to the wild-type. The 
C/N ratios also affects accumulation of PHB which is directly influenced by the availability 
of carbon in the growth media (Rebah et al., 2009). Casteriano (2013) reported a decrease 
in PHB accumulation by TA1 and CB1809 grown in peat extract and attributed this to the 
limited carbon available in the peat extract.   
Varying levels of nutrient elements which are fundamental for the functioning of the 
rhizobia strains including Ca, Cu, Fe, K, Mg, Mn, P, S and Zn, were detected in this study. 
Elemental analysis of root nodule bacteria revealed 95% of the cell dry weight to be 
comprised of essential nutrient elements such as S, P, K, Ca, Mg and Fe, which mainly 
function in the formation of carbohydrates, proteins, nucleic acids and lipids (O'Hara, 2001). 
The elements K, Ca, Mg and Fe found in rhizobia cells play various roles in formation of 
cell structure, cellular signals and enzyme cofactors. The microelements such Mn, Cu and 
Zn form a smaller proportion of rhizobia cell dry weight and are often required in lower 
concentrations in their roles as essential components of enzymes and cofactors for 
maintenance of protein structure and metabolic reactions (O'Hara, 2001). Greater amounts 
of S-containing compounds in peat can act to suppress growth of rhizobia due to its 
antimicrobial properties (Kim et al., 2006). However, S is essential in formation of certain 
amino acids such as cysteine and methionine, required by rhizobia (O'Hara, 2001). High 
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quantities of Ca were also found in peat but this could be from CaCO3 used in adjusting pH. 
Limiting amounts of Ca have been shown to reduce the growth of rhizobia cells especially 
when coupled with low P (Howieson and Ballard, 2004). 
Further work to investigate the effect of peat composition is required to better understand 
the role of individual, or combinations of, components in promoting rhizobial survival.  
More sources of peat would strengthen correlation analyses to study relationships between 
components and growth and survival.  This should be followed by amending peat extracts 
with different concentrations of different components to confirm their effect. 
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CHAPTER 4 
OPTIMISATION OF CELL EXTRACTION METHODS AND 
PROTEIN EXPRESSION USING SDS-PAGE  
4.1 Introduction 
SDS-PAGE separates denatured proteins based on their molecular weights and due to its 
relative simplicity and reproducibility, it is an essential technique in screening for changes 
in protein expression in response to stress (Casteriano, 2013). SDS-PAGE can be used to 
visualize the protein products from a resulting gene translation in order to assess the 
adaptation of the gene as well as tolerance to stress. Several studies have analysed proteins 
expressed by rhizobia strains in heat and cold conditions compared to their normal growth 
conditions. For instance, Cloutier et al. (1992) found that cold shock protein was expressed 
in temperate rhizobial strains found in the Arctic using SDS-PAGE. Feng et al. (2002) used 
SDS-PAGE to identify differential expression of superoxide dismutase after growth of 
rhizobia in peat and liquid broth cultures. This iron-manganese protein protects cells from 
oxidative damage by free radicals thus improving the survival of cells grown in peat 
(Casteriano et al., 2013). Osmotic and heat stress proteins expressed in rhizobia have also 
been studied using SDS-PAGE. A 60 kDA heat shock protein induced in mesorhizobial 
isolates by pH and temperature stress was also identified using SDS-PAGE (Rodrigues et 
al., 2006). 
In this chapter, results from preliminary screening studies are presented for four rhizobia 
strains (3841, TA1, USDA110, CB1809) after growth in two sources of peat (NEM and 
BASF) compared to a control medium (JMM). The aim of this chapter is to establish an 
optimised protein extraction technique and SDS-PAGE before proceeding to two-
dimensional gel electrophoresis (2-DE) and mass spectrometry to identify the specific 
proteins. The B. japonicum strain CB1809 and B. diazoefficiens USDA110 produce 
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substantial amounts of EPS during growth in liquid medium and peat extract, making it 
difficult to collect cells and extract proteins. Therefore, different methods were explored to 
overcome the problem of EPS produced by CB1809 and USDA110 in order to study their 
protein expression profiles. 
4.2 Experimental overview 
Preliminary studies of protein expression were performed using SDS-PAGE (as described 
in Chapter 2 section 2.5.1) with the aim of generating satisfactory gels and protein band 
profiles. Eight different extraction methods (as described in Chapter 2 section 2.4) were 
evaluated and experiments a – h were carried out with the following combinations of strains 
and growth media: 
a. Two rhizobial strains (TA1 and CB1809) × three media (JMM, BASF and NEM) × 1 
extraction method (boiling) × three replicates  
b. Two rhizobial strains (TA1 and CB1809) × three media (JMM, BASF and NEM) × one 
extraction method (boiling – increased culture volume) × three replicates  
c. Two rhizobial strains (TA1 and CB1809) × two media (JMM and BASF) × one extraction 
method (boiling of EPS layer) × three replicates  
d. Two rhizobial strains (TA1 and CB1809) × two media (JMM and BASF) × one extraction 
method (dilution of the EPS layer with 1% KCl) × three replicates  
e. One rhizobial strain (CB1809) × one media (BASF) × three extraction methods (Percoll 
gradient, heating at 60°C and enzyme treatment) × five replicates  
f. One rhizobial strain (CB1809) × one media (BASF) × two extraction methods (Triton-X 
100 and heat treatment (60°C)) × three replicates  
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g. Two rhizobial strains (TA1 and CB1809) × three media (JMM, BASF and NEM) ×one 
extraction method (ultra-sonication, Triton-X 100 boiling) × three replicates 
h. Four rhizobial strains (3841, TA1, USDA110 and CB1809) × three media (JMM, BASF 
and NEM) × one extraction method (ultra-sonication) × three replicates  
In some cases, solutions of extracted proteins needed to be pooled for detection and so 
statistical analysis was not possible in all experiments. 
4.3 Results 
4.3.1 Protein quantification using Bradford assay 
The quantities of protein generated after cell extraction were determined from the 
absorbances normalised from a standard curve of known protein concentrations of BSA in 
1% NaCl. The amount of protein recoverd was dependent on the method of protein 
extraction. In most cases ultra-sonication yielded significantly more protein from TA1 and 
CB1809 grown in JMM, NEM and BASF compared to other extraction techniques (P<0.05; 
Table 4.1). Even though extraction of protein from CB1809 grown in JMM without 
removing the viscous EPS yielded the highest amount of protein after extraction, separation 
on the gels was poor due to interference from the EPS. There was a significant strain × 
medium interaction effect on the recovery of protein from cells after extraction by ultra-
sonication (Table 4.2).  More protein could be extracted from Rhizobium strains than 
Bradyrhizobium strains in JMM and NEM extract.  This trend was not observed after growth 
of cells in BASF peat extract however; recovery of protein from BASF-grown cells was 
significantly lower than from the other media.  
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TABLE 4.1: Protein quantities extracted from cells using different techniques after growth 
of rhizobia in different media    
Average concentration of protein after extraction (µg 
protein/100 µL) 
 
Method TA1-
JMM 
TA1-
NEM 
TA1-
BASF 
CB1809
-JMM 
CB1809
-NEM 
CB1809
-BASF 
Boiling 6.50 c 4.12 b 0.01 e 1.47 d 6.07 b  0.66 d 
Increased culture 
volume + boiling 
-α - 0.42 e - - 0.50 d 
Protein extraction 
from the viscous EPS 
layer 
20.09 b - 2.65 c 49.97 a - 2.44 c 
Dilution of the EPS 
layer with 1% KCl 
9.79 c - 1.28 d 12.71 c - 2.38 c 
Percoll gradient - - - - - 1.75  
Heating at 60°C   - - - - - 5.06 
Enzyme treatment - - - - - 5.21 
Triton-X 100 6.24 c 5.84 b 4.59 b 10.09 c 2.24 c 5.15 b 
Ultra-sonication 24.89 a 19.02 a 5.76 a 15.22 b 11.37 a 7.43 a 
Significance *** *** *** *** *** *** 
Protein was extracted using various methods, measured using the Bradford assay and 
absorbance measured at 595 nm. The values are means of three replicates standardised at 
100 µL of protein extract.  Differences between means within each strain × medium 
treatment were compared across extraction methods using one-way ANOVA.  Means with 
different letters in a column indicate significant differences and level of significance is 
indicated where * P<0.05, ** P<0.01 and *** P<0.001.  Means without letters were not 
included in the analysis as extracts were pooled for detection and only one replicate was 
obtained. α – means not used for this strain/medium combination. 
 
Ultra-sonication was selected to extract proteins from four rhizobia strains 3841, TA1, 
USDA110 and CB1809 (Table 4.2). Greater amounts of proteins were extracted from 3841 
and TA1 compared to USDA110 and CB1809. The four strains grown in BASF yielded the 
least amount of proteins compared to NEM peat extract and JMM media.  
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TABLE 4.2: Strain x Medium interactive effect on the amount of protein extracted by ultra-
sonication from rhizobia grown in different media 
Strain 
Protein (µg/100 µL) 
JMM NEM BASF 
3841 32.59 a 18.77 c 9.61 e 
TA1 25.66 b 18.46 c 6.68 f 
USDA110 18.63 c 15.99 d 10.86 e 
CB1809 16.55 cd 13.73 d 8.97 ef 
Significance *** 
Protein extracted using ultra-sonication method from four rhizobia strains, measured using 
the Bradford assay and absorbance measured at 595 nm. The values are means of three 
replicates standardised at 100 µL of protein extract. Differences between means were 
analysed using two-way ANOVA.  Means with different letters in a column indicate 
significant differences and level of significance is indicated where * P<0.05, ** P<0.01 and 
*** P<0.001.   
 
4.3.2 Initial screening with TA1 and CB1809 
Initial SDS-PAGE studies using boiling to extract proteins from two strains (TA1 and 
CB1809) was performed as described by Casteriano (2013) for studying the protein 
expression profiles of TA1 and CB1809 grown in JMM and NEM. The protein extracted 
from TA1 and CB1809 grown in BASF peat extract was too low to be detected by SDS-
PAGE because of high EPS production in this medium. Interference from excess EPS 
production needed to be reduced in order to extract sufficient protein for subsequent 
analyses. TA1 and CB1809 grown in NEM yielded sufficient protein and generated clear 
protein bands as shown in Figs. 4.1 and 4.2.  
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FIGURE 4.1: SDS-PAGE of total cell protein extracted by boiling method, from TA1 cells 
grown in JMM and peat extract (NEM). Each lane corresponds to a single replicate growth 
treatment and protein extraction. Fifteen µg of protein was loaded and run on a 12% 
resolving polyacrylamide gel. 
 
 
FIGURE 4.2: SDS-PAGE of total cell protein extracted by boiling method from CB1809 
cells grown in JMM and peat extract (NEM). Each lane corresponds to a single replicate 
growth treatment and protein extraction. Fifteen µg of protein was loaded and run on a 12% 
resolving polyacrylamide gel. 
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4.3.3 Increased volume of starting culture  
An attempt was made in recovering more protein from BASF peat extract cultures by 
increasing the volume of the broth cultures to 50 mL. The amount of BASF peat extract 
used to grow TA1 and CB1809 was increased from 20 mL in the previous section to 50 mL, 
in order to extract more protein. After protein extraction, TCA/acetone protein precipitation 
was done to eliminate contaminants such as salts and detergents and to reduce the amount 
of EPS, as described in Chapter 2 section 2.4.2. SDS-PAGE was done on these samples 
(TA1 and CB1809 grown in BASF) alongside samples from section 4.3.2 (TA1 and CB1809 
grown in JMM and NEM peat extract) for comparison.  
This strategy did generate small amounts of protein from BASF samples which could be 
analysed using an SDS-PAGE gel (Figs. 4.3 and 4.4). However, there was a variation in 
bands between the replicates of the BASF samples and fainter bands compared to the JMM 
and NEM treatments. This would subsequently hinder comparison between the replicates as 
well as among the other treatments. The protein concentration obtained from cells grown on 
JMM and NEM was adequate for both strains (CB1809 and TA1) and clear band profiles 
could be achieved using SDS-PAGE (Figs. 4.3 and 4.4). 
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FIGURE 4.3: SDS-PAGE of total cell protein extracted from increased culture volumes 
(50 mL), from TA1 cells grown in JMM and peat extract (NEM and BASF). Each lane 
corresponds to a single replicate growth treatment and protein extraction. Fifteen µg of 
protein was loaded and run on a 12% resolving polyacrylamide gel. 
 
 
 
FIGURE 4.4: SDS-PAGE of total cell protein extracted from increased culture volumes 
(50 mL), from CB1809 cells grown in JMM and peat extract (NEM and BASF). Each lane 
corresponds to a single replicate growth treatment and protein extraction. Fifteen µg of 
protein was loaded and run on a 12% resolving polyacrylamide gel. 
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4.3.4 Protein extraction from the viscous EPS layer 
The next strategy to recover greater amounts of protein was to retain the EPS layer after 
centrifuging the cultures. Sample buffer was then added, and the cell suspensions boiled to 
observe whether the EPS layer could be reduced in volume. However, the viscosity of the 
BASF samples increased on addition of the sample buffer making it difficult to load the 
SDS-PAGE gels. The result was that the protein concentration of the samples improved but 
formed blurred bands due to the interference from the polysaccharides that increased the 
viscosity of protein extract (Figs. 4.5 and 4.6). 
 
 
FIGURE 4.5: SDS-PAGE of total cell protein extracted by boiling the EPS layer, from TA1 
cells grown in JMM and BASF peat extract. Each lane corresponds to a single replicate 
growth treatment and protein extraction. Fifteen µg of protein was loaded and run on a 12% 
resolving polyacrylamide gel. 
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FIGURE 4.6: SDS-PAGE of total cell protein extracted by boiling the EPS layer, from 
CB1809 cells grown in JMM and BASF peat extract. Each lane corresponds to a single 
replicate growth treatment and protein extraction. Fifteen µg of protein was loaded and run 
on a 12% resolving polyacrylamide gel. 
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4.3.5 Dilution of the EPS layer with 1% KCl 
In this experiment, cells were grown in JMM and BASF peat extract, harvested then diluted 
with 1% KCl at a ratio of 1:1. The approach used here also included preparation of additional 
replicates (six) of the BASF samples, then pooling the six replicates to form three replicates 
and discard the viscous EPS. This approach worked well for TA1 samples after growth in 
both media (JMM and BASF) when compared to CB1809, which had blurred bands and 
variations within replicates (Figs. 4.7 and 4.8).  
  
 
FIGURE 4.7: SDS-PAGE of total cell protein extracted by dilution with 1% KCl, from 
TA1 cells grown in JMM and BASF peat extract. Each lane corresponds to a single replicate 
growth treatment and protein extraction. Fifteen µg of protein was loaded and run on a 12% 
resolving polyacrylamide gel. 
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FIGURE 4.8: SDS-PAGE of total cell protein extracted by dilution with 1% KCl, from 
CB1809 cells grown in JMM and BASF peat extract. Each lane corresponds to a single 
replicate growth treatment and protein extraction. Fifteen µg of protein was loaded and run 
on a 12% resolving polyacrylamide gel. 
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4.3.6 Protein extraction using Percoll gradient, heating at 60°C and enzyme treatment 
Three methods; Percoll gradient, heat treatment at 60°C, and enzyme treatment, were used 
to extract protein from CB1809 cells grown in BASF peat extract. The approach of heating 
the samples at 60°C generated visible protein bands even though they were faint (Fig. 4.9). 
No clear protein bands were observed in protein extracts prepared from the Percoll gradient 
and enzyme treatment methods.  
 
 
 
FIGURE 4.9: SDS-PAGE of total cell protein extracts from CB1809 cells grown in BASF 
peat extract, and subjected different treatments (heating at 60°C, Percoll gradient and 
enzyme treatment). Each lane corresponds to a single replicate growth treatment and protein 
extraction. Fifteen µg of protein was loaded and run on a 12% resolving polyacrylamide gel. 
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4.3.7 Protein extraction using Triton-X 100 and heat treatment (60°C) 
Treatment of the cells with Triton-X 100 gave clear and distinct protein bands of between 
10-110 kDa (Figure 4.10). Larger proteins of >110kDa were not completely extracted by 
the addition of Triton-X 100. Protein extraction by heat treatment did not result in as many 
protein bands meaning some proteins were not fully extracted by this process. 
 
 
 
FIGURE 4.10: SDS-PAGE of total cell protein extracts from CB1809 cells grown in BASF 
peat extract. Each lane corresponds to a single replicate growth treatment and protein 
extraction. Fifteen µg of protein was loaded and run on a 12% resolving polyacrylamide gel. 
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4.3.8 Ultrasonic protein extraction compared with Triton-X 100 and ‘standard boiling’ 
protocols 
In this experiment, ultra-sonication was used to extract cells of TA1 and CB1809 grown in 
JMM control media, NEM and BASF peat extracts. Additional replicates of the cell samples 
were analysed by boiling and treatment with Triton-X 100 as these two methods had shown 
promising results as shown in previous sections. The SDS-PAGE gel generated showed 
interesting protein band profiles for TA1 and CB1809. There were clear differences in the 
band patterns of the same strain subjected to different extraction treatments (Figures 4.11 
and 4.12). The choice for an ideal protocol to adopt for subsequent analysis was hence 
narrowed down to ultra-sonication treatment, which was reproducible and produced the 
most protein bands reflective of the total protein of the cell.  
 
FIGURE 4.11: SDS-PAGE of total cell protein extracted by ultrasonication, from TA1 cells 
grown in JMM control media and NEM and BASF peat extracts. Each lane corresponds to 
a single replicate growth treatment and protein extraction. S, sonication; T, Triton-X; B, 
Boiling treatment. Fifteen µg of protein was loaded and run on a 12% resolving 
polyacrylamide gel. 
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FIGURE 4.12: SDS-PAGE of total cell protein extracted by ultrasonication, from CB1809 
cells grown in BASF peat extract. Each lane corresponds to a single replicate growth 
treatment and protein extraction. S, sonication; T, Triton-X; B, Boiling treatment. Fifteen 
µg of protein was loaded and run on a 12% resolving polyacrylamide gel. 
 
4.3.9 Ultra-sonication of cells as a method of choice for total protein extraction 
From the previous section (4.3.7), three methods that had initially generated protein bands 
were compared. Of the three approches, sonicating the cells without discarding the EPS 
layer generated the optimal visual representative band profiles for all the strains grown in 
both JMM control media and peat extracts. Therefore, the ultra-sonication method was 
chosen for extracting proteins from the cells. The ultra-sonication experiment was repeated 
with all the four strains, 3841, TA1, CB1809 and USDA110 grown in JMM control media 
and peat extracts (NEM and BASF). 
Of the extracts represented in gel figures 4.13 and 4.14, the total protein profiles of the four 
strains grown in JMM and NEM peat extract exhibited the most comprehensive array of 
proteins present in the cells. None of the methods were successful in breaking down the 
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viscous EPS that entrapped most of the cells after growth in BASF peat extract, and some 
protein bands were missing, especially the larger protein bands >110 kDa, in gels of cells 
grown in this medium. The strain CB1809 grown in BASF peat extract produced the most 
EPS and this affected the extraction of proteins and the resulting poor band profile in the 
BASF peat treatment.  
Consequently, use of the BASF peat extract was discontinued and subsequent experiments 
focused on 2DE and mass spectrometry analysis of the four rhizobia strains (3841, TA1, 
CB1809 and USDA110) grown in JMM control media and in NEM peat extract. In this way, 
consistent and comparable results could be achieved. 
 
FIGURE 4.13: SDS-PAGE of total cell protein extracted by ultrasonication, from 3841, 
TA1, CB1809 and USDA110 cells grown in JMM control media and NEM peat extract. 
Each lane corresponds to a single replicate growth treatment and protein extraction using 
ultra-sonication treatment. Fifteen µg of protein was loaded and run on a 12% resolving 
polyacrylamide gel. 
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FIGURE 4.14: SDS-PAGE of total cell protein extracted by ultrasonication, from 3841, 
TA1, CB1809 and USDA110 cells grown in BASF peat extract. Each lane corresponds to a 
single replicate growth treatment and protein extraction using ultra-sonication treatment. 
Fifteen µg of protein was loaded and run on a 12% resolving polyacrylamide gel. 
 
4.4 Discussion 
SDS-PAGE is a simple and reproducible technique that makes it easy to separate and analyse 
proteins as the SDS-protein complexes are characterised by a uniform charge-to-mass ratio.  
The SDS detergent has strong denaturing properties that unfolds proteins from their unique 
hydrophobic secondary structures (Schagger, 2006). In this study, it was possible to assess 
the band patterns of proteins in SDS-PAGE gels and compare them with the previous study 
by Casteriano et al. (2013). At the same time, different approaches of protein extraction 
were explored to choose the most reproducible method that yielded the best visual protein 
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profile before moving to 2-dimensional gel electrophoresis. Bacterial cell protein extraction 
requires the cells to be broken to release and solubilise subcellular and protein components, 
which is dependent on the extraction method, sample buffer and other additives. 
Protein extraction from bacterial cells requires a simple preparation strategy to minimise 
protein losses as observed in this study in extraction procedures such as boiling and 
sonication. Additional steps for protein extraction can be incorporated to improve the quality 
of the sample output, however this may result in selective protein recovery (Gräslund et al., 
2008). In this study, the protocols where additional steps were incorporated to dissolve the 
EPS such treatment with 1% KCl and Percoll gradient did not yield good protein quality. 
As much a comprehensive proteome analysis should lead to detection of the total protein of 
a cell, most of the low abundance proteins may not be visualised and may be unintentionally 
omitted from the gel map. Moreover, some proteins inevitably co-migrate to the same band 
or spot thus affecting the subsequent quantification and identification (Gygi et al., 2000, Zuo 
et al., 2001, Lilley et al., 2002). 
Membrane proteins tend not to be soluble in most buffers used during protein analysis 
resulting in partial or complete absence of these proteins from the protein lysate (Santoni et 
al., 2000). This problem can be resolved by prefractionation of proteins with Triton-X, 
sequential extraction using detergents, or incorporating several wash steps using chloroform 
or methanol (Santoni et al., 2000). This study used this approach of protein prefractionation 
using Triton X, which resulted in clear and distinct protein bands of between 10-110 kDa. 
However, larger proteins of >110kDa were lost after the addition of Triton-X, and this would 
have compromised the target of assessing total cell protein. Conversely, a study by Molloy 
et al. (2000) on conservation of membrane proteins within bacterial families also confirmed 
Triton-X to be effective in solubilising outer membrane proteins compatible with 2-DE. 
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Ultra-sonication as a method of protein extraction produced a satisfactory visual 
representation of band profiles for total cell proteins for 3841, TA1, CB1809 and USDA110 
grown in JMM minimal media and NEM peat extract. The strains grown in BASF peat 
extract did not yield a good coverage of protein bands after ultra-sonication, however, there 
were more bands present compared to the other extraction methods. Protein extraction by 
ultra-sonication, using lysis buffer containing high concentrations of urea, thiourea, 
ampholytes and detergent, has been used in proteomic studies of Burkholderia 
(Thongboonkerd et al., 2007, Park et al., 2007, Wongtrakoongate et al., 2007, Harding et 
al., 2007). Urea is used for its efficiency in protein denaturation, however it can cause 
carbamylation reactions by reacting with amino acid groups. Therefore, the use of carrier 
ampholytes is recommended to avoid increase in temperature from the extraction process, 
and also act as cyanate scavengers in the protein extract (Weiss and Görg, 2008, Velapatiño 
et al., 2013). Ampholytes were incorporated in the lysis buffer used in this study.  
Heat generation from the extraction method can also be damaging to the resulting proteins 
hence a need to perform cell protein extraction at low temperatures. This problem can also 
be resolved by using an extraction buffer containing protease inhibitors (Gräslund et al., 
2008). In this study, the cell disruption step using ultra-sonication was carried out on ice to 
keep the cell components at low temperatures to avoid protein losses. Other extraction 
methods have reported the use of alkaline detergents and buffers with periods of heat 
incubation (Weiss and Görg, 2008, von der Haar, 2007). However, the downside of these 
alkaline reagents is that they cause changes to the proteome and may not be compatible with 
downstream proteomics applications (Velapatiño et al., 2013). Chemical interference from 
the lysis buffer can also be prevented by using the same lysis buffer to generate the standard 
curve during protein quantification (Thongboonkerd et al., 2007). 
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Exopolysaccharides are a family of surface polysaccharides that form an adherent cohesive 
layer on the surface of the cell, and can sometimes have little or no cell association 
(Skorupska et al., 2006). Bradyrhizobium japonicum strains have been known to produce 
significant amounts of EPS (Cytryn et al., 2007), which makes extraction of cells from 
cultures difficult as experienced in this study. These EPSs encapsulated the cell pellet and 
it was almost impossible to obtain the requisite amount of cells after centrifugation, heat 
treatment, ultra-sonication or use of chemical detergents. Further development is required 
to determine alternative ways of extracting cells from such EPS. 
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CHAPTER 5  
PROTEOMIC CHANGES IN RHIZOBIA AFTER GROWTH IN 
AQUEOUS PEAT EXTRACT MAY BE LINKED TO DESICCATION 
TOLERANCE 
5.1 Introduction 
Legume inoculation using commercial inoculants serves to deliver a high number of viable 
rhizobia to the rhizosphere that will eventually colonize the roots of growing legumes 
(Atieno et al., 2012, Deaker et al., 2012). Lesueur et al. (2016) defines a good inoculant to 
be “nontoxic for plants, animals, and humans, permit optimal growth and survival of 
selected organisms during storage and inoculation (optimal water capacity, pH, 
composition), be made of a uniform and readily available carrier, and meet a low production 
cost.” However, commercial inoculant manufacturers face challenges in developing 
formulations that support the needs of different rhizobial strains to sustain high cell numbers 
during storage and delivery thus maximising their potential to fix nitrogen (Lesueur et al., 
2016). 
Inoculants are generally packaged in powdered, granular or liquid forms. Finely milled peat 
is often used as a carrier where a good source is available. It provides a protective and 
nutritive environment for the microorganisms (Herrmann and Lesueur, 2013) and has long 
been considered a superior carrier for growth and survival of rhizobia (Feng et al., 2002). 
Liquid cultures of rhizobia are injected into pre-packaged, and often gamma-sterilised, 
finely milled and pH neutralised peat, forming a moist peat culture which is then incubated 
for a short period allowing rhizobia to multiply prior to use (Casteriano et al., 2013, 
Herrmann and Lesueur, 2013).  
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Legume inoculants can be applied to the soil or directly on the seed.  Seed inoculation is the 
most commonly used and economical method requiring the least amount of inoculant.  It is 
carried out by either coating the seeds just prior to sowing (on farm) or using commercially 
produced pre-inoculated seeds (Deaker, 2004). Generally, there is a decline in the viable 
number of rhizobial cells on seed but the rate of decline varies between species and strains 
of rhizobia and is also dependent on environmental conditions (Deaker et al., 2012).  
The ability of rhizobia to withstand stress conditions on seed such as desiccation, requires a 
range of physiological mechanisms. For instance, the accumulation of disaccharides such as 
trehalose, and induction of oxidative stress-responsive enzymes such as peroxidases, 
catalases and superoxide dismutase, can improve survival of cells exposed to stress (Cytryn 
et al., 2007). In general, rhizobia survive well in inoculant formulations, but many species 
die rapidly after seed coating. The physiological reasons for this decline in viability are not 
well understood but may involve a compromised capacity to resist desiccation stress (Feng 
et al., 2002).  
Survival of rhizobia on seed after growth in both solid peat and aqueous peat extract is 
significantly improved when compared with rhizobia grown in standard liquid growth media 
(Albareda et al., 2008, Casteriano et al., 2013, Deaker, 2004). The improvement in survival 
of cells grown in solid peat has been attributed to the partial encapsulation of cells within a 
protective matrix of peat particles coated on the seed (Dart et al., 1969, Feng et al., 2002). 
Feng et al. (2002) reported up to 2.5% recovery of Rhizobium sp. strain SU343 cells and up 
to 12% recovery of Bradyrhizobium lupini WU425 cells extracted from solid peat cultures 
after air drying for 24 h on polypropylene beads, while no viable broth-cultured cells were 
recovered after the same incubation period. Previous authors have suggested that cell wall 
thickening and changes in protein expression observed in rhizobia grown in both solid peat 
and peat extract contributed to their higher rate of survival (Dart et al., 1969, Feng et al., 
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2002). These cellular changes in solid peat cultures were attributed to nutrient and oxygen 
limitation during growth (Dart et al., 1969, Feng et al., 2002). However, similar 
morphological changes and survival profiles were observed after cells were grown 
aerobically in peat extract, so oxygen limitation may not be a major contributor to adaptive 
responses (Casteriano et al., 2013).  It remains unclear what the main causes of cellular 
changes are after growth in peat cultures and whether it is the chemical or physical 
environment that induces these changes. The molecular basis of these changes are also 
unknown and elucidating these will allow an understanding of the magnitude to which 
growth in peat affects cellular morphology, physiology and the capacity of rhizobia to 
withstand stress. 
This study was designed to understand the global proteomic responses of Bradyrhizobium 
japonicum CB1809, Bradyrhizobium diazoefficiens USDA110, Rhizobium leguminosarum 
bv trifolii TA1 and Rhizobium leguminosarum bv viceae 3841, to growth in aqueous peat 
extract versus defined media, and to identify protein candidates with a possible role in 
desiccation tolerance.  It is expected that identification of the molecular components 
involved in desiccation tolerance and their regulation by components of peat will inform 
future development of strategies for improving survival of rhizobia on seed. 
5.2 Experimental overview 
5.2.1 Growth of strains and protein extraction 
Cultures of 3841, TA1, USDA110 and CB1809 were grown in JMM and NEM peat extract 
as described in Chapter 2, section 2.2.3. Total protein was extracted from the liquid cultures 
as described in Chapter 2, section 2.4.8. The concentration of total protein was determined 
using the 2D-Quant kit (GE Healthcare). 
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5.2.2 2-Dimensional gel electrophoresis  
The extracted protein from the four strains grown in JMM and NEM peat extract were 
separated by 2-dimensional gel electrophoresis. Isoelectric focusing and SDS-PAGE was 
carried out as described in Chapter 2, sections 2.5.2 and 2.5.3. The gels were double stained 
and visualised as described in Chapter 2, section 2.5.4.  
5.2.3 MALDI-TOF MS and PMF data acquisition 
Detailed information about differentially expressed proteins was obtained from scanned 
images of the gels in order to establish a systematic comparison between treatments. All the 
selected protein spots were excised, digested and analysed using MALDI-TOF-MS as 
described in Chapter 2, section 2.6.1. Peptide mass fingerprinting (PMF) data acquisition 
was collected once a minimum of 200 total ion count (TIC) counts for peptide peaks were 
obtained. 
5.2.4 Protein identification 
The peak lists obtained from the QSTAR elite were searched against rhizobia databases in 
the MASCOT server vr 2.4 (Matrix Science) as described in Chapter 2, section 2.6.2. The 
scores were based on a probability level of -10*Log (P), where P was the probability that 
the observed match was a random event. Protein scores greater than 62 were considered 
significant at p<0.05. Decoy score was also analysed to eliminate false positives, as it gives 
more accurate protein searches as compared to e-values (Batista et al., 2010). Uniprot 
database searches were used to provide functional annotations for identified proteins (Young 
et al., 2006).  
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5.2.5 Data analysis 
Statistical analyses were performed using Graphpad Prism (7th edition) to determine 
differential protein expression and differences between treatment means by one-way 
analysis of variance (ANOVA). Data was considered significant at p < 0.05. 
5.3 Results 
5.3.1 Spot selection and identification 
The differentially expressed spots were picked from all replicate gels, with 1151 spots 
obtained from the control JMM gels across all strains, and 1469 from the NEM peat extract 
gels. Figure 5.1 shows representative 2DE gel images of strains 3841, TA1, USDA110 and 
CB1809 grown in JMM control media and NEM peat extract. The biological gel triplicates 
showed protein profiles that were reproducible for each treatment in terms of both spot 
distribution and volume (data not shown).  Each strain exhibited a distinct spot distribution 
pattern. Not surprisingly, the Bradyrhizobium strains USDA110 and CB1809 were 
relatively similar to each other, and distinct from the two R. leguminosarum strains (3841 
and TA1), which in turn were broadly similar to each other. However, the focus of this study 
was the impact of culturing in NEM peat extract media vs JMM media. All the spots that 
were visualised on the triplicate gels were selected and identified (Appendix 1). Of the 2620 
spots picked, 78% were identified using PMF (Table 5.1; Appendix 1). Of the 2034 
identifications, this equated to 826 different protein entries, 515 from R. leguminosarum and 
311 from Bradyrhizobium species, representing 11.2% and 8.4% of the total number of 
ORFs, respectively. Analysis of the gels showed that all strains grown in peat extract 
generated more differentially expressed proteins when compared to their respective controls, 
with the exception of strain TA1 (Table 5.1; Appendix 1). Some groups of spots across all 
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strains were identified as identical proteins which was attributed to post-translational 
modifications. 
 
TABLE 5.1 Number of rhizobia proteins selected and identified from control and peat 
culture treatments.  
Strain 
Spots picked Spots identified 
JMM NEM JMM NEM 
Rhizobium leguminosarum bv. viciae 
3841 
411* 564 201 237 
Rhizobium leguminosarum bv. trifolii 
TA1 
375 302 372 291 
Bradyrhizobium diazoefficiens 
USDA110 
210 252 201 237 
Bradyrhizobium japonicum CB1809 155 351 150 345 
Total 1151 1469 924 1110 
*Spot number for each treatment is a total excised from 3 gel replicates. Significant 
differences observed for the spots picked and identified from all four strains (p<0.05) 
with the exception of the comparison of 3841 and USDA110 (for spots identified).   
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FIGURE 5.1. 2D protein gel images of rhizobia strains 3841, USDA110, TA1 and CB1809 grown 
in A: JMM and B: NEM peat extract.  
A: JMM B: NEM 
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5.3.2 Determination of differentially expressed proteins  
Proteins identified were considered differentially expressed on the basis that they were 
induced or repressed after growth in peat extract as determined by spot volume. Where a 
particular protein spot was detected in both growth conditions (JMM control and peat 
extract), differential expression was determined by a fold change ratio of the spot volumes 
from the peat treatment over the control. Protein spots with a minimum change of at least 3-
fold were considered differentially expressed (Appendix 1). Protein spots that were only 
detected in cells grown in NEM were assigned a level of expression of >3-fold induction 
and proteins only expressed in cells grown in JMM were assigned a <3-fold induction 
(Appendix 1). A transcription elongation factor expressed in TA1 cells had the highest level 
of induction of 35.2, followed by a transcriptional regulatory protein in USDA110 with a 
fold-change induction of 38.3. Two cell membrane proteins in TA1 were also highly induced 
and they were identified as a putative outer-membrane lipoprotein (25.1) and a putative 
transmembrane protein (13.8). The lowest levels of induction were reported at a fold-change 
ratio of 0.1 for proteins such as SecB export protein and malate dehydrogenase in 3841. 
5.3.3 Protein classification after growth in peat extract 
Proteins identified from the four strains were classified in various clusters of orthologous 
groups (COG) ranging from transcription, translation, amino acid and carbohydrate 
transport and metabolism, energy production, post translational modification, defence 
mechanism, inorganic ion, nucleotide, lipid and co-enzyme transport and metabolism, and 
cell wall/envelope biogenesis (Table 5.2; Appendix I). There were no significant differences 
in protein abundance across the COG functional profiles among the four strains after growth 
in peat extract compared to JMM grown cells for 3841 (Fig. 5.2). Similarly, no significant 
differences in the COG functional profiles between the JMM and peat extract treatments 
were observed for TA1 (Fig. 5.3). However, 3841 had an increased abundance of proteins 
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involved in carbohydrate and inorganic ion transport and metabolism. Strains B. japonicum 
CB180 and B. diazoefficiens USDA110 had significant differential regulation of proteins 
across the COG functional groups after growth in peat extract. Proteins involved in amino 
acid and carbohydrate transport and metabolism, post translational modification and 
transcription were more abundant in USDA110 after growth in peat extract (Fig. 5.4), while 
proteins involved in amino acid and carbohydrate transport and metabolism, energy 
production, inorganic ion transport and metabolism, and post translational modification 
were more abundant in CB1809 (Fig. 5.5). Hypothetical proteins, whose physiological 
functions could not be assigned, were listed under ‘function unknown’ and ‘general function 
prediction only’ categories (Appendix 1). These hypothetical proteins comprised 15% of the 
total proteins identified from all the four strains. 
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FIGURE 5.2 Clusters of orthologous groups showing percentage abundance of protein groups differentially expressed in 3841 after growth in JMM 
control media and NEM peat extract.   Significant differences were observed at p>0.05. There was no significant differences in protein induction across 
all the functional groups after growth in peat extract. High expression levels were reported for proteins involved in carbohydrate transport and 
metabolism, and in inorganic ion transport and metabolism. 
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FIGURE 5.3 Clusters of orthologous groups categories showing percentage abundance of protein groups differentially expressed in TA1 after growth 
in JMM control media and NEM peat extract.  Significant differences were observed at p>0.05. There was no significant differences in protein 
induction across all the functional groups after growth in peat extract 
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FIGURE 5.4 Clusters of orthologous groups  showing percentage abundance of protein groups differentially expressed in USDA110 after growth in 
JMM control media and NEM peat extract. Significant differences were observed at p>0.05. There was significant differential expression of proteins 
across the functional groups after growth in peat extract (****). High protein abundance was reported for proteins involved in amino acid and 
carbohydrate transport and metabolism, post translational modification and transcription. 
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FIGURE 5.5 Clusters of Orthologous groups showing percentage abundance of protein groups differentially expressed in CB1809 after growth in 
JMM control media and NEM peat extract. Significant differences were observed at p>0.05. There was significant differential expression of proteins 
across the functional groups after growth in peat extract (****). High protein abundance was reported for proteins involved in amino acid and 
carbohydrate transport and metabolism, energy production inorganic ion transport and metabolism, and post translational modification. 
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5.3.4 Functional roles of proteins differentially expressed after growth in peat extract 
Generally, proteins induced after growth in peat extract were involved in amino acid and 
carbohydrate metabolism and transport, membrane biogenesis and repair, posttranslational 
modification, transcription and translation, heat shock response, cell motility, intracellular 
trafficking and synthesis of secondary metabolites across all strains (Table 5.2). A high number 
of hypothetical proteins (>15%) (‘function unknown’ and ‘general function prediction’ 
categories) were also induced.  
Proteins showing the greatest abundance were those involved in carbohydrate transport and 
metabolism and included ABC transporters, phosphogluconate pathway proteins, 
dehydrogenases, transferases, epimerase, isomerase and putative aldolase, and methylglyoxal 
synthase (Table 5.2; Appendix 1). Some of the posttranslational modification proteins, 
chaperones, cis-trans isomerases, and proteases were also significantly upregulated. Proteins 
involved in energy production and conversion were more abundant and included ATP 
synthases, electron transfer flavoproteins, aldehyde and malate dehydrogenases, inorganic 
pyrophosphates and glycerophosphodiester phosphodiesterase. Other categories of proteins 
with high abundance included defence mechanisms proteins such as osmotically inducible 
proteins, transmembrane transporter and penicillin binding proteins; inorganic ion transport 
such as superoxide dismutase, ABC transporters, phosphatases, and lipoproteins (Table 5.2). 
The transcription, translation and replication protein category also had a number of highly 
abundant proteins across all strains such as transcription elongation factors, ribosomal proteins 
(small and large subunits e.g., L9, L7, L12), transcription regulators, polymerases, transcription 
termination/anti-termination proteins, and RNA polymerase subunits.  
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TABLE 5.2 List of proteins differentially expressed in 3841, TA1, USDA110 and CB1809 strains after growth in NEM peat extract. Significant 
differences observed at p<0.05. Tukey’s multiple comparison test done to compare between strains for each protein group (****, P < 0.0001; 
***, P < 0.001; **, P < 0.01). 
COG function Protein type  
No. of proteins 
3841 TA1 USDA110 CB1809 
Amino acid transport and metabolism ABC transporters 12 3 6 8 
Synthases 4 2 1 1 
Peptidases 0 0 0 2 
Carbohydrate transport and metabolism ABC transporters 18 4 3 2 
Glucose dehydrogenase 2 1 0 1 
Aldolase 3 0 0 0 
Sugar phosphate isomerases/epimerases 2 0 0 1 
Cell wall/membrane/envelope biogenesis ostA protein 1 0 0 0 
Outer membrane/ transmembrane proteins 8 3 0 1 
Epimerases 1 0 0 1 
ABC transporters 2 2 0 0 
Efflux/export proteins 2 0 0 0 
UTP--glucose-1-phosphate uridylyltransferase 1 0 0 0 
Defence mechanisms OsmC-like organic hydroperoxide resistance 
protein 
1 1 1 1 
Penicillin binding proteins 0 0 1 1 
Energy production and conversion Malate dehydrogenase 1 0 1 1 
ATP synthase, alpha & beta subunits 3 2 2 2 
Electron transfer flavoproteins, alpha & beta 
subunits 
1 0 1 1 
NAD-dependent aldehyde dehydrogenases 0 0 0 1 
Glycerophosphodiester phosphodiesterase 1 0 1 1 
Pyruvate dehydrogenase 2 0 0 0 
Inorganic pyrophosphatase 1 0 0 0 
Inorganic ion transport and metabolism Superoxide dismutase 1 1 0 1 
ABC transporters 5 2 0 2 
Peroxidase 0 0 0 1 
Phosphonate metabolism protein 1 0 1 1 
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Phosphate transport proteins 1 1 1 2 
Alkaline phosphatase 1 1 0 1 
Zinc/Sulphate/hemin/cytochrome proteins 3 0 1 1 
Posttranslational modification, protein 
turnover, chaperones 
Chaperonins (10 kDa, 60 kDa) 2 2 4 4 
GrpE protein (HSP-70 cofactor) 1 0 1 1 
Peptidyl-prolyl cis-trans isomerase /(PPIase) / 
isomerase 
2 3 2 3 
ATP-dependent Clp proteases 2 1 0 2 
Antioxidant proteins 3 1 2 3 
Transcription Transcription elongation factor GreA 0 1 1 0 
Transcription regulators 4 5 2 2 
RNA polymerase sigma factor 1 0 2 1 
DNA-binding proteins 1 1 1 1 
Cold shock protein 1 1 0 0 
Translation, ribosomal structure and 
biogenesis 
Elongation factors 2 2 1 2 
Ribosomal proteins 1 1 1 1 
Signal transduction mechanisms Putative pspA family transcriptional regulator-
associated protein 
1 0 0 0 
Chemotaxis protein CheY 0 0 0 1 
Two-component hybrid sensor and regulators 1 2 1 4 
Lipid transport and metabolism Acetyl-CoA acetyltransferases 1 1 0 3 
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5.4 Discussion 
5.4.1 Differential expression of proteins with a possible role in desiccation tolerance 
Tolerance to environmental stress such as desiccation can be significantly improved after 
growth of rhizobia in peat extract. This is attributed to the physiological changes of the cells 
during growth (Casteriano et al., 2013). The approach used in this study was to assess the 
adaptations of rhizobia grown in peat that may be linked to desiccation tolerance. It was 
hypothesised that growth of cells in peat leads to changes in expression of stress-related 
proteins and that this provides cross-protection from other stresses (e.g., desiccation) thus 
contributing to improved survival. Rhizobia exhibit a variety of metabolic characteristics which 
enables them to adapt to different soil and environmental conditions as well as plant hosts 
(Batista et al., 2010). Even though it may not be clear if the chemical or physical environment 
induces these adaptive changes, the approach of observing protein expression of rhizobia 
grown in peat allows identification of potential gene targets for further study of their roles in 
desiccation tolerance. While the majority of differentially expressed proteins identified in this 
study are involved in carbon, carbohydrate and energy transport and metabolism, several of the 
proteins significantly induced after growth in peat can be linked to stress tolerance. Some of 
the categories in which differential expression of stress-linked proteins was observed include 
ABC transporters, transcription and translation proteins, oxidative stress proteins, heat 
shock/cold shock proteins, phage shock proteins, trehalose proteins, proteases, chaperonins and 
ribosomal proteins.  
5.4.2 ABC transporters 
The largest group of differentially expressed proteins identified in the four rhizobia strains after 
growth in peat were ABC transporters which are involved in transport processes into and out 
of cells. The highest change in protein expression of ABC transporters was observed in 3841 
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cells. The other strains, TA1, USDA110 and CB1809 only had a quarter to half the number of 
ABC transporters upregulated compared to 3841. Bradyrhizobium and R. leguminosarum 
strains are known for their abundance of ABC transporters relative to other rhizobia species 
from proteomic studies (Hiller et al., 2006, Vanderlinde et al., 2010). ABC transporters, which 
constitute one of the largest superfamilies of active membrane transport proteins, have a highly 
conserved ATPase domain that binds and hydrolyses ATP, supplying energy for the uptake of 
a variety of nutrients and for the extrusion of drugs and metabolic wastes (Jensen et al., 2009). 
They may also serve as specific chemoreceptors and in the initiation of signal transduction 
pathways (Sarma and Emerich, 2005). Vanderlinde et al. (2010) demonstrated the role of an 
uncharacterised ATP-binding cassette transporter operon (RL2975–RL2977) in desiccation 
tolerance of R. leguminosarum 3841 by reporting significant reduction in amount of 
exopolysaccharides in mutants compared with wild-type strains. Exopolysaccharide plays an 
important role in biofilm formation and desiccation tolerance (Balestrino et al., 2008, Russo et 
al., 2006). Bradyrhizobium japonicum also produces lipopolysaccharides and 
exopolysaccharides which significantly increase their tolerance to desiccation stress (Cytryn et 
al., 2007). 
ABC transporters are not only involved in the balance of membrane potential, metabolism 
regulation and signal transduction pathways, but also in transport of protein-bound substrates 
across cell membranes (Guan et al., 2012). While the changes in transport-related proteins are 
likely due to the vastly different nutrient profiles of the two media, the particular functions of 
ABC transporters are vital for survival of rhizobia in stress conditions and their upregulation 
in all four rhizobial strains may explain some of the general improvement in stress tolerance 
after growth in peat. 
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5.4.3 Stress response proteins 
Expression of stress response proteins allow rhizobial cells to adapt to changing conditions (da 
Silva Batista and Hungria, 2012). The differential expression of a number of these proteins was 
observed in cells of 3841, TA1, USDA110 and CB1809 including heat shock proteins, phage 
shock proteins, uridyl transferase, Clp protease, GrpE protein, reductases and synthetases. 
Proteins such as chaperonins, heat shock proteins, osmotically-inducible proteins and serine 
proteases were also differentially expressed in the cells used in this study. Other studies 
measuring the direct effect of desiccation stress on rhizobia also identified some of the proteins 
detected in this study. For instance, one study measuring the direct effect of desiccation stress 
on Bradyrhizobium reported a diverse number of proteins involved in heat and oxidative stress, 
formation of exopolysaccharides, sigma factors, transcription and translation (Humann and 
Kahn, 2015). These stress-linked proteins are important in posttranslational regulation in 
prokaryotes by protein-level regulation through inhibition and degradation of toxic elements in 
the cell (Raju et al., 2014). They may act in preconditioning the cells or offer cross-protection 
and priming effect to the cells in subsequent stress conditions. Further work involving 
mutagenesis is required to confirm the role of proteins linked to survival and desiccation 
tolerance of rhizobia. 
Chaperonins were significantly upregulated in all four rhizobia strains. Chaperonins are a 
ubiquitous family of proteins that prevent misfolding of proteins and promote the refolding and 
proper assembly of unfolded polypeptides generated under stress conditions (Li et al., 2011) 
such as heat shock and nutrient deprivation (Sarma and Emerich, 2005). In rhizobia, 
chaperonins have been shown to maintain newly synthesised proteins in an open conformation 
and assist in the proper folding of misfolded polypeptides produced under stress conditions 
(Gutsche et al., 1999, Casteriano et al., 2013). In Bradyrhizobium, GroEL chaperonins are 
known to be involved in the formation of the nitrogenase enzyme which is responsible for 
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effective nitrogen fixation (Delmotte et al., 2010). Chaperonins found to be differentially 
expressed in 3841, TA1, CB1809 and USDA110 included 10 kDa, 60 kDa, Hsp-70, and GroEl 
chaperonins. The 10 kDA chaperonin binds to Cpn60 in the presence of Mg-ATP and 
suppresses ATPase activity (Young et al., 2006). It promotes the folding and assembly of 
unfolded polypeptides generated under stress conditions, while the 60 kDA chaperonin 
modulates the specificity of ClpAP-mediated ATP-dependent protein degradation (Young et 
al., 2006).  
ATP-dependent Clp protease was also differentially expressed in 3841, TA1 and CB1809. The 
protein Clp protease is involved in diverse cell processes such as motility, sporulation, and 
biofilm formation in rhizobia (Batista et al., 2010). The Clp protein, which belongs to the 
family of heat shock proteins, plays a significant role in response to environmental stress 
conditions by its ability to disaggregate and activate aggregated proteins accumulating under 
these conditions (Kedzierska and Matuszewska, 2001, Biter et al., 2012). Studies across a range 
of organisms have reported the role of Clp protease in improving tolerance to environmental 
stresses such as heat (Queitsch et al., 2000, Acebrón et al., 2009). For instance, ClpB protein 
has been shown to have an important role in heat shock tolerance in rhizobia e.g., 
Mesorhizobium ciceri (Brígido et al., 2012), M. loti (Alexandre et al., 2013) and M. 
mediterraneum (Paço et al., 2016). Paço et al. (2016) reported the involvement of ClpB 
chaperone protein in the recovery of a Clp-transformed M. mediterraneum strain from heat 
shock of 48°C for 30 min, which showed increased growth rate and stress tolerance. Clp is also 
known to be involved in rapid adaptive responses of intracellular pathogens during the infection 
process (Gaillot et al., 2001). Clp proteases, like other degradative proteases, are involved in 
protein quality control and degradation of misfolded and endogenous proteins (Raju et al., 
2012). These proteases also assist in embedding proteins in membranes and oligomerisation of 
protein complexes, with such processes functioning in the quality control of protein biogenesis 
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(Sarma and Emerich, 2005). In R. leguminosarum biovar viciae 3841, proteases such as CtpA 
are responsible for degrading misfolded periplasmic proteins in stress conditions (Gilbert et al., 
2007).  
Another protein of interest identified was phage shock protein A (PspA). This protein was only 
significantly upregulated in strain 3841. However, a study by Casteriano et al. (Casteriano et 
al., 2013) reported a high abundance of the PspA protein in TA1 grown in peat extract. PspA 
is induced under membrane stress conditions, such as heat and osmotic shock. It functions in 
stabilising membrane integrity and proton leakage repair due to damaged membranes 
(Kobayashi et al., 2007, Casteriano et al., 2013). PspA consists of highly coiled structures 
arranged in scaffolds, which are believed to maintain membrane potential by closure of 
transient holes or leaks (Standar et al., 2008).  
An increased expression of polyhydroxyalkanoate synthesis repressor PhaR was reported in 
Bradyrhizobium strains USDA110 and CB1809. Upregulation of PhaR has been reported in 
TA1 cells grown in crude peat extract (Casteriano et al., 2013). The authors reported a decrease 
in PHB granules in cells grown in peat extract and attributed it to the high levels of the PhaR 
protein. PhaR acts as a negative regulator for proteins that promote and regulate synthesis of 
PHB granules (Encarnación et al., 2003). 
Heat/cold shock proteins were differentially expressed in cells grown in peat extract and 
included peptidyl-prolyl cis-trans-isomerase, peptidyl isomerase, and protein GrpE. Peptidyl-
prolyl cis-trans isomerase and GrpE were only significantly induced in 3841. Peptidyl-prolyl 
cis-trans isomerase is involved in the refolding of ribonuclease when the trigger factors of cold 
or heat are detected (Encarnación et al., 2003). The isomerases can also function in protein 
export and with chaperones in maintaining the open conformation of protein structures. The 
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protein GrpE actively participates in response to hyperosmotic and heat shock by preventing 
the aggregation of stress-denatured proteins in association with DnaK (Young et al., 2006).  
Uridylyltransferase, a cytoplasmic protein detected in this study, is responsible for the 
production of extracellular polysaccharide such as succinoglycan in rhizobia (Jones and 
Walker, 2008). Uridylyltransferase is also expressed under desiccation stress to provide 
protection in terrestrial environments by inducing formation of infection threads and 
exopolysaccharide production (Cytryn et al., 2007). 
5.4.4 Transcription and translation proteins 
This study identified a number of differentially expressed transcription elongation factors, 
ribosomal proteins (small and large subunits e.g., L9, L7, L12), transcription regulators, 
transcription termination/anti-termination proteins, and RNA polymerase sigma factors. These 
proteins are implicated in the general stress response that allows bacteria to cope with multiple 
stressful conditions and controls several stress-related genes (Francez-Charlot et al., 2015). 
Sigma factor regulators such as PhyR, the subunit of RNA polymerase responsible for promoter 
recognition, control this global response (Browning and Busby, 2004). Changes in expression 
of certain sigma factors e.g., RpoE can confer resistance to various stresses through their 
regulation of a number of stress-related genes or regulons (Gourion et al., 2009, Kim et al., 
2014). These regulons include proteins involved in osmoprotection, regulation (sigma factors), 
oxidative stress (repair proteins, peroxidoxin, catalase), and synthesis of storage compounds 
such as PHB, enzymes, glycogen) (Francez-Charlot et al., 2015). Some of the genes encoding 
these regulons have unknown functions. For instance, in B. japonicum, more than 75% of these 
genes with adaptation mechanisms to environmental stresses have unknown functions 
(Gourion et al., 2009).  
  
107 
 
The 30S and 50S ribosomal proteins were both upregulated in strains TA1 and CB1809 after 
growth in peat extract with a higher fold change ratio reported in TA1 than CB1809. TA1 has 
been shown to exhibit greater improvement in survival when compared with CB1809 
(Casteriano et al., 2013). This can be explained by greater inherent tolerance to desiccation by 
CB1809 than TA1 and therefore significant improvements in survival can be difficult to detect 
in this strain.  Ribosomal proteins have been reported to be upregulated under various stress 
conditions (Batista et al., 2010), as they are involved in increased cell sensitivity to heat shock 
following abrupt temperature downshift (El-Sharoud, 2004, da Silva Batista and Hungria, 
2012). The 50S ribosomal protein L7/L12 is induced by heat and acid shock in Bradyrhizobium 
(Encarnación et al., 2003). Differential expression of ribosomal proteins are also correlated 
with the synthesis of a specific set of proteins such as chaperone proteins (El-Sharoud, 2004, 
Casteriano et al., 2013). 
5.4.5 Antioxidant/ oxidative stress proteins 
Proteins expressed in oxidative stress conditions such as superoxide dismutase, were 
significantly upregulated in R. leguminosarum strains (3841 and TA1) after growth in peat 
extract. One study has shown that desiccation in rhizobia leads to an increase in reactive oxygen 
species, which causes damage to DNA, proteins and cell membranes (França et al., 2007). 
Superoxide dismutase is known to destroy biologically toxic radicals produced within cells. 
Superoxide dismutase has been reported to be the third most abundant soluble protein in 
bacterial cells after prolonged desiccation (Shirkey et al., 2000, Cytryn et al., 2007) and it is an 
important defensive protein that can eliminate free radicals (O'Brien et al., 2004). Even though 
this protein was only reported to be upregulated in 3841 and TA1, Cytryn et al. (2007) reported 
the induction of superoxide dismutase in B. diazoefficiens USDA110 under desiccation 
conditions, hence showing its involvement in oxidative stress responses. However, Guan et al. 
(Guan et al., 2012) reported not detecting this protein in B. diazoefficiens USDA110. The 
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authors speculated that the reason behind the absence of superoxide dismutase in USDA110 
could be attributed to lack of synergy of multiple proteins rather the function of a single protein.  
Antioxidant proteins such as thioredoxin are essential in the cell’s defence mechanisms by 
lowering reactive oxygen species (Pauly et al., 2006). In this study, thioredoxin was induced 
in 3841, which is consistent with other studies implicating this protein in improved survival of 
R. leguminosarum (Casteriano et al., 2013). Thioredoxins are actively regulated in response to 
environmental cues and contribute to redox balance in oxidative stress (Buchanan and Balmer, 
2005). They play a part in DNA repair as cofactors for ribonucleotide reductase and provide 
electrons for reduction of peptide Met sulfoxides in various proteins thus protecting the proteins 
from oxidative damage (Lee et al., 2005).  
5.4.6 Hypothetical proteins 
Several genome sequences have included a category of proteins called ‘hypothetical proteins’. 
Other annotations refer to this group of proteins as ‘uncharacterized protein’ or ‘unknown 
function protein’ or ‘conserved hypothetical’ protein (da Silva Batista and Hungria, 2012). This 
category can be used when a gene function prediction relies on a specific database or software 
used, and the search does not yield any homology to a characterised gene, or in this case protein, 
function (Elias et al., 2005). When compared to the COG database, the hypothetical proteins 
detected in this study were classified in group R called ‘general function prediction’ or group 
S ‘function unknown’. In proteomics, the detection of hypothetical proteins can be eliminated 
if the function of those proteins is assigned based on their biochemical characteristics. The 
detection of a protein in a proteomics experiment may allow the removal of the tag 
‘hypothetical’, however a function classification, if assigned, will remain only putative based 
on similarity to other protein sequences. The differential expression of proteins in this class  
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may be of interest in relation to desiccation tolerance and provide helpful new information on 
undefined functions of biological systems (Batista et al., 2010). 
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CHAPTER 6 
VALIDATING THE ROLES OF imp/ostA AND pspA GENES IN DESICCATION 
TOLERANCE 
6.1 Introduction 
In the rhizosphere, rhizobia cells go through a dynamic growth environment including 
fluctuations in temperature, nutrients and water limitation, and competition with other microbes 
(Neudorf et al., 2015). Over time, bacteria may evolve in order to adapt to changing 
environments and stressful conditions to sustain their primary function of selective transport 
of nutrients and waste products (Silhavy et al., 2010, Neudorf et al., 2015).  
Physiological stresses such as desiccation negatively affect the symbiotic interaction between 
rhizobia and the legume plants by limiting nitrogen fixation. Desiccation has been reported as 
one of the major factors that causes poor survival of rhizobia when applied on seed (Deaker et 
al., 2004). Rapid seed coat-mediated desiccation stress may affect root colonisation, 
development of the infection thread, and formation of effective nitrogen fixing nodules 
(Sugawara et al., 2010). Severe desiccation may also cause shrinkage of the cell membrane and 
alter the process of electron transfer across the cell membrane (Jeon et al., 2015). Drying and 
storage of pre-inoculated seed also results in significant reductions in cell numbers depending 
on relative humidity and drying rates (Hartley et al., 2012, Deaker et al., 2012).  Therefore, 
improvement in survival of rhizobia under conditions of desiccation stress may promote 
biological nitrogen fixation and enhance plant growth. Several studies of functional genomics 
have reported various stress-responsive genes involved in desiccation, encoding heat shock 
proteins, sigma factors, chaperonins, and oxidative stress response genes (Cytryn et al., 2007, 
Donati et al., 2011, Jeon et al., 2011). These genes are induced in response to repair desiccation-
induced damage and protect the cell via mechanisms such as accumulation of intracellular 
  
111 
 
compounds such as osmoprotectants, sugars, compatible solutes; induction of stress proteins 
for cell membrane protection and repair; production of EPS (Cytryn et al., 2007, Vanderlinde 
et al., 2010, Casteriano et al., 2013). 
Peat is the most common carrier used for making inoculants. Peat is often mined, finely milled, 
and gamma-sterilised before liquid cultures of rhizobia are injected into the sterilised packs of 
peat. Rhizobia grown on peat has been shown to survive better than those grown in 
conventional broth cultures. Improvement in survival was linked to the cells being encapsulated 
within protective matrices formed by the peat particles (Dart et al., 1969, Casteriano et al., 
2013). Rhizobia cells  grown in peat undergo distinct morphological and physiological changes  
such as thickening of cell wall and changes in protein expression due to the reduced levels of 
nutrients and oxygen in peat (Casteriano et al., 2013). However, there are technical difficulties 
in extracting rhizobia cells from the peat in order to carry out studies to validate the cause of 
these changes. Casteriano et al. (2013) demonstrated that cells grown in a water-peat extract 
could easily be recovered and still exhibited improved desiccation tolerance. 
Casteriano et al. (2013) identified a number of proteins with a potential role in desiccation 
tolerance of TA1 cells after growth in crude peat extract. Among the proteins identified to 
induce significant changes were an organic solvent tolerance protein (OstA, RL1567) and a 
phage shock protein (pspA, RL3579). The previous chapter of this study also identified 
Imp/OstA and PspA proteins as being differentially expressed. The organic solvent tolerance 
protein is commonly referred to as Imp/OstA (increased membrane potential/organic solvent 
tolerance). It is located in the outer membrane and regulates genes that combat stress as well 
as maintaining the structure of the cell envelope (Braun and Silhavy, 2002). Imp/OstA is found 
in the outer membrane of gram negative bacteria and is involved in cell envelope biogenesis 
(Chiu et al., 2007). A study carried out by Braun and Silhavy (2002) on a deletion mutation of 
the Imp/OstA gene in E. coli resulted in the formation of aberrant membranes.  
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The phage-shock-protein (Psp) is a peripheral cytoplasmic membrane stress protein commonly 
found in Gram negative bacteria in well conserved regions which ensures cell survival when 
exposed to stressful conditions (Joly et al., 2010, Yamaguchi et al., 2010). The phage shock 
protein, PspA, helps to repair and protect the cell envelope by preventing proton leakage from 
damaged membranes (Kobayashi et al., 2007). PspA has been shown to form oligomeric 
scaffold complexes which can interact directly with membrane lipids to prevent proton leakage 
and restore membrane integrity (Standar et al., 2008). The expression of the PspA operon is 
switched on under conditions of osmotic shock, heat shock, protein transport defects across the 
cell membrane, ethanol treatment and overproduction of integral cell membrane proteins 
(Darwin, 2005, Joly et al., 2010).  
This study sought to validate the roles of Imp/OstA and PspA genes in desiccation tolerance. 
The role of these genes in desiccation tolerance was measured using strains carrying relevant 
mutations by knocking out the genes coding for the desiccation tolerant proteins. This may 
explain and inform the morphological changes and their importance in survival of rhizobia on 
seed application.  
6.2 Experimental overview 
In-frame deletion mutants of RL1567 (Imp/OstA) and RL3579 (PspA) genes were made using 
a pJQ200SK-based two-step allelic exchange method (Quandt & Hynes 1993) as described in 
Chapter 2 section 2.7. Vectors were constructed in pJQ200SK using a cassette encoding 
resistance to gentamycin (GmR) as described in Chapter 2 section 2.7.3. A tri-parental 
conjugation was used to transfer pDrD30 and pDrD31 into Rlv3841 as described in chapter 2, 
section 2.7.4. Single-crossover trans-conjugants were selected using AMS agar containing 
gentamycin. Counter selection of double crossover mutants were generated by growing a Gmr 
clone in AMS broth without gentamycin and then selected on AMS agar containing 5% (w/v) 
  
113 
 
sucrose. Sucrose resistant colonies were screened for a gentamycin sensitive phenotype, 
indicating loss of the plasmid backbone. Clones which were Sucr and Gms were screened by 
PCR to determine if recombination resulted in the deletion of the target genomic region, until 
a positive deletion mutant was identified. Confirmed knockout mutants were then screened for 
a defective stress tolerance phenotype using the filter membrane desiccation assay at 43% RH 
using K2CO3, as described in Chapter 2 section 2.3.2. This level of RH (43%) was chosen after 
optimization by Dr. Neil Wilson (Pulseford Lab, Sydney University), who was part of the 
research group to work on transcriptomics with similar strains and media. 
 
6.3 Results 
6.3.1 Mutation of RL1567 and RL3579 operons  
Trans-conjugants of Rlv3841 containing pDrD30-RL1567 and pDrD31-RL3579 suicide 
vectors were capable of growth on AMS minimal media containing streptomycin and 
gentamycin and counter selection for the sucrose gene was performed using 5% sucrose. 
Clones that had lost the integrated plasmid under sucrose counter-selection showed gentamycin 
sensitive phenotypes (Fig 6.1).  
FIGURE 6.1: Clones of RL1567 (right half of each plate) and RL3579 (left half of each plate) 
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grown in AMS minimal media containing streptomycin (left) and AMS containing 
streptomycin and gentamycin (right). 
 
Screening was carried out for the clones exhibiting the gentamycin sensitive phenotype to 
check for mutation of the RL1567 and RL3579 genes. PCR screening of clones resulting from 
conjugation of pDrD30 failed to detect any deletion mutants. The DNA size of the clones was 
the same size of the wild-type strain as shown in Figure 6.2.  
 
FIGURE 6.2: A gel image of PCR products of RL1567 and RL3579 clones versus the wild-
type. The first and last lanes are 10 kb molecular markers, lane 1 is the wild-type (3841) PCR 
product, while lanes 2-10 are Rl3579 clones. 
 
On the other hand, screening for RL3579 clones yielded a knockout mutant as was evident in 
the sizes of the PCR products generated from the wild-type versus the mutant (Fig. 6.3). Due 
to time constraints, the process of creating new constructs and knock-out mutants for RL1567 
was not possible. 
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FIGURE 6.3: PCR products showing successful knockout of RL3579 gene (lane 1) compared to the wild-type (lane 2). The gene segments on the 
right side show the region and size of wild-type DNA (3919 bp), and deletions of the knock-out product (2794 bp). 
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6.3.2 Desiccation assay of the RL3579 mutant vs wild-type 
A desiccation assay using the filter membrane method at 43% RH was done to assess the impact 
of deleting the RL3579 gene on desiccation tolerance in Rlv3841. The number of viable cells 
for both the wild-type and mutant strains grown in TY were significantly higher than cells 
grown on peat extract (Table 6.1). After drying of cells at 43% RH, the number of viable knock-
out mutant cells grown in NEM peat extract were significantly less compared to all the other 
treatments. There was no significant difference observed between the 3841 wild-type and 
knock-out mutant when the strains were grown in TY broth and dried at 43% RH for 24 h 
(Table 6.1). Surprisingly, a significant difference was observed for knock-out mutant cells 
grown in NEM peat extract over the wild-type (P<0.01). Survival of the knock-out mutant in 
NEM peat extract was reduced to the same level as that seen for cells grown in TY media. 
TABLE 6.1: Strain x Medium interactive effect on the survival of rhizobia at each time point 
Strain 
 
 
Growth media 
Viable number of cells on 
membrane filters before and after 
drying at 43%RH (cfu/mL) 
% survival  
0 h 24 h 
Wild-type (3841) TY 2.78 x 109 a 3.10 x 107 a 1.1 b 
NEM 7.27 x 108 b 3.80 x 107 a 5.3 a 
Knock-out 
mutant (RL3579) 
TY 2.83 x 109 a 4.20 x 107 a 1.5 b 
NEM 8.43 x 108 b 1.70 x 107 b 2.0 b 
Significance  **** *** *** 
Values represent the geometric mean of viable cell numbers on filter membranes before 
drying (0 h) and viable numbers and survival (%) of cells after drying and storage at 43% RH 
at room temperature (24 h).  Data from each time point were analysed using 2-way ANOVA 
after log10 transformation for viable numbers. Different letters in columns for each time 
indicate significant differences * P<0.05, ** P<0.01, *** P<0.001, ns not significant.    
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6.4 Discussion 
This study showed that PspA plays an important role in the survival of R. leguminosarum 3841 
grown in peat extract, under conditions of desiccation stress. The phenotype previously 
reported for the RL3579 mutant could suggest loss in membrane integrity hence a significant 
reduction in survival and desiccation tolerance (Kobayashi et al., 2007). Casteriano et al. (2013) 
also observed that peat grown rhizobia cells appear to have somewhat compromised outer 
membranes as determined by vital staining. PspA has an important role in membrane integrity 
stabilisation and its expression is triggered by various stress conditions on the membrane 
(Yamaguchi et al., 2010). Standar et al. (2008) predicted that PspA consists of coiled structures 
forming large networks of spherical structures that stabilise the cell membrane by forming 
extensive scaffolds (Standar et al., 2008).  
PspA mutants have been reported to survive poorly under stress such as in alkaline conditions, 
loss of membrane potential when subjected to proton-motive force, slower protein translocation 
and increased motility compared to wild-type strains (Kleerebezem et al., 1996, Weiner and 
Model, 1994, Model et al., 1997). Several phenotypes of E. coli have been reported to be 
exclusively linked to PspA response such as stabilisation of membrane potential, improved 
survival in alkaline conditions, and efficient protein export pathways (DeLisa et al., 2003). 
Low cell numbers in E. coli have also been reported in stressful conditions induced by organic 
solvents (Kobayashi et al., 1998). The authors reported decreased membrane potential in PspA 
mutants when compared to the wild-type strains supporting the role of PspA in aiding the cells 
to maintain proton membrane potential (Kobayashi et al., 2007).  
The attempts made in this study to generate knockout mutants for Imp/OstA gene were not 
successful after screening around 70 clones. Due to time constraints, generation of knock-out 
mutants was not possible in order to validate the role of Imp/OstA gene in desiccation tolerance. 
Nonetheless, other studies have reported the role in Imp/OstA gene in stress response of various 
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microorganisms. For instance, Braun and Silhavy (2002) reported the importance of Imp/OstA 
in survival of E. coli cells under stress by the dysfunction of the mutants leading to loss of 
membrane integrity of the cell envelope and eventual cell lysis. The deletion of the Imp gene 
caused mislocalisation of proteins and lipids leading to a higher density of intact proteins than 
in the outer membrane of wild-types thus disrupting the Imp function in envelope biogenesis 
(Braun and Silhavy, 2002). Other studies have also demonstrated the role of organic solvent 
tolerance proteins in several E. coli isolates, showing altered envelope structures in the wild 
type strains which function to reduce penetration of hydrophobic compounds (Aono et al., 
1998, Chiu et al., 2007). Similar results have been reported by Watson et al. (2014) who created 
knock mutants of Campylobacter jejuni to validate the role of OstA in maintenance of 
membrane integrity and biogenesis. 
Future studies should focus on further confirming the role of the PspA gene by restoring 
desiccation tolerance to wild-type levels by complementation studies. Overexpression of the 
PspA gene will also be explored to assess improvement in survival under desiccation stress 
compared to the wild-type. Further screening of Imp/OstA gene should also be explored to 
validate its role in desiccation tolerance of rhizobia. Future work will also use promoter 
analysis to assess the precise conditions that induce expression of this gene. This information 
could be instrumental in devising new media to grow stress tolerant cells. 
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CHAPTER 7 
GENERAL DISCUSSION AND CONCLUSION 
This study assessed the global proteomic changes in rhizobia after growth in aqueous peat 
extract in order to identify protein candidates with a possible role in desiccation tolerance. The 
results from this study indicate that desiccation tolerance of rhizobia may be induced by 
preconditioning cells before drying. The data also suggest that improved survival of rhizobia 
grown in peat extract results from the induced expression of stress proteins. Differential 
expression of these stress-linked proteins increases the survival of rhizobia to desiccation stress 
by preventing and repairing desiccation induced damage and maintaining membrane integrity 
(Casteriano et al., 2013).  Identification of these molecular components of desiccation tolerance 
may inform future development of strategies for improving survival of rhizobia on seed.   
7.1 Peat exposes rhizobia to sub-lethal stress  
7.1.1 Decreased growth of rhizobia in peat 
Rhizobial numbers were generally lower in peat extracts indicating some limitation on growth.  
This may be because of poor access to nutrients (nutrient limitation) or toxicity of the 
components of peat.  Feng et al. (2002) speculated that stress responses in peat were related to 
nutrient and oxygen limitation.  However, oxygen was not limited in the experiments reported 
here as the liquid cultures were aerated by shaking during growth.  There is no doubt the C in 
peat extracts would be less accessible in comparison with C supplied in control media. The C 
in peat is from plant material in various states of degradation.  The vastly different nutrient 
composition of peat is also a probable cause of the numerous changes in membrane transport 
proteins that occurred. 
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7.1.2 Components of peat induces stress-related responses 
Cells grown in peat express stress response proteins which are likely to enable them to survive 
better under conditions of stress. A number of stress-related proteins were observed to be 
differentially expressed in this study after 3841, TA1, USDA110 and CB1809 were grown in 
NEM peat extract. These proteins included heat/cold shock proteins, phage shock proteins, 
chaperonins and proteases. These proteins have been linked to cell processes related to stress 
such as EPS production, induction of sigma factors and posttranslational regulation of stress 
proteins (Humann and Kahn, 2015, Raju et al., 2014). 
It is not clear which components of peat may be inducing stress-related responses but 
relationships between growth and certain elements such as S may indicate a role for these 
elements in stress conditions. This could also be attributed to the forms of S compounds found 
in the peat.  More sources of peat are required to identify the trends in elemental effects on 
growth and survival of rhizobia.  In addition, high C/N ratio may induce more EPS which 
would be protective of cells grown in peat. However, results from experiments using the BASF 
peat in this study where the C/N ratio was high, were confounded by difficulties in extracting 
cells for survival studies. 
7.2 Preconditioning cells in peat provides cross-protection for desiccation tolerance 
7.2.1 Survival of rhizobia is improved after growth in peat extract 
Survival was better after growth in peat extract in these studies confirming results of previous 
studies (Casteriano et al., 2013, Feng et al., 2002, Albareda et al., 2008).  This was best 
observed when RH was low as shown in this study. Improved desiccation tolerance of rhizobia 
after growth in peat extract was only observed after vacuum drying or drying cells on filter 
membranes to 57% RH.  Improved tolerance after growth in peat extract was not observed 
when filter membranes were dried to 70% RH.  However, differences can be diminished when 
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drying is too harsh, as it is with vacuum drying, unless cells are first suspended in a protective 
medium before drying (Casteriano et al., 2013). 
The rate of drying was shown to be essential for the survival of 3841, TA1, USDA110 and 
CB1809, with vacuum drying and rapid drying of cells at 57% RH resulting in significant 
decreases in viable cell numbers grown in peat extract. Higher levels of survival were reported 
after slow drying of the cells grown in peat extract at 70% RH. Our results showed a general 
improvement in survival of Bradyrhizobium strains USDA110 and CB1809 compared to R. 
leguminosarum strains 3841 and TA1. These results are consistent with previous studies on 
survival of rhizobia in conditions of desiccation stress showing that slow growing rhizobia (B. 
japonicum) are more tolerant to desiccation stress than fast growing rhizobia such as R. 
leguminosarum (Mary et al., 1985, Mary et al., 1994, Deaker et al., 2007, Casteriano et al., 
2013). The rate of drying also has significant effects on cell survival, with rapid drying 
characterised by rapid decline and death of rhizobia cells and subsequent rapid decline in 
survival (Vriezen et al., 2007). Slow drying translates to a slow decline of cell numbers and a 
high rate of survival coupled with induction of physiological responses to desiccation stress 
(Vriezen et al., 2007). 
7.2.2 Differentially expressed stress-proteins have been implicated in desiccation tolerance 
Many differentially expressed stress-related proteins in this study have previously been 
implicated in desiccation tolerance.  These include proteins involved in DNA repair, general 
stress response and osmoprotection, EPS, cell membrane structure and biogenesis. Some of the 
stress-linked proteins reported to be differentially expressed in 3841, TA1, USDA110 and 
CB1809 strains included ABC transporters, transcription and translation proteins, oxidative 
stress proteins, heat shock/cold shock proteins, phage shock proteins, trehalose synthesis 
proteins, proteases, chaperonins and ribosomal proteins. These proteins have been reported in 
studies measuring the direct effects of desiccation tolerance on Bradyrhizobium and R. 
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leguminosarum (Cytryn et al., 2007, Gilbert et al., 2007, McIntyre et al., 2007, Humann and 
Kahn, 2015).  Proteomic results from this study reported similarities in physiological responses, 
by the four rhizobia strains (3841, TA1, CB1809 & USDA110) after growth in peat, that may 
be linked to desiccation tolerance. However, the level of protein expression varied between 
strains even within the same genus or species and this may account for inherent differences in 
tolerance often observed between strains.  
7.2.3 Knock-out mutants were impaired in desiccation tolerance   
The roles of two proteins identified from the proteomics study were validated in relation to 
desiccation tolerance by knocking out the genes coding for the stress proteins. Imp/OstA and 
PspA are membrane proteins which help to maintain membrane structure and integrity, and 
repair damaged membranes under stress conditions. Casteriano et al. (2013) reported an 
increase in the protein expression of Imp/OstA and PspA which might be linked to 
morphological changes in the cell envelope resulting in improved survival to desiccation stress 
after TA1 cells were grown in peat extract. This study successfully created knock-out mutants 
for PspA in 3841, and assessed the impact of deletion on the phenotype. There was a significant 
reduction in survival of the mutant grown in NEM peat extract as compared to the wild-type. 
Gene knock-out of PspA had reduced desiccation tolerance after growth in peat when compared 
to the wild type but not after growth in control medium TY indicating that it may not be 
upregulated in TY. This showed the importance is PspA in survival of cells under desiccation 
stress by the dysfunction of the mutants, which could result in the loss of membrane integrity 
of the cell envelope and eventual cell lysis. PspA mutants have been reported to survive poorly 
under stress conditions such as excess alkalinity, heat and osmotic shock (Darwin, 2005, Joly 
et al., 2010, Kobayashi et al., 2007).  It is not clear which component or property of peat was 
responsible for upregulation of PspA but it is possibly a component that is able to cross into 
the periplasm and disrupt the cytoplasmic membrane.    
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7.3 Recommendations for future work    
1. Future studies using mutagenesis are required to confirm the role of additional stress-
linked genes in survival of rhizobia under stress. Even though the identity or function 
of some proteins was not known, further identification and functional classification 
could be done to verify their role in general stress response and desiccation tolerance. 
Mutagenesis should be performed by both knocking out genes and overexpressing them 
to confirm their role in desiccation tolerance. 
2. Expression of identified genes should also be measured in a range of microorganisms 
after growth in peat extract to determine the universality of their role in desiccation 
tolerance. 
3. Future work should also look at modifying peat with different combinations of essential 
elements in order to improve the survival of rhizobia cells. This may be done with 
further analysis of peat and complementation of peat extracts with depleted components 
to determine whether upregulation of genes is decreased.  The number of sources peat 
should be increased to find a strong correlation between components and survival or 
gene expression  
7.4 Conclusion 
Clearly, physiological responses to desiccation tolerance requires several mechanisms 
including expression of stress proteins after rhizobia cells are exposed to stress conditions 
(Cytryn et al., 2007). Previous authors have suggested that cell wall thickening and changes in 
protein expression observed in rhizobia grown in both solid peat and peat extract contributed 
to their higher rate of survival (Dart et al., 1969, Feng et al., 2002). Survival of rhizobia to 
desiccation stress can be improved after growing cells in peat extract. The results from this 
study indicate that desiccation tolerance of rhizobia may be induced by preconditioning cells 
before drying. The physiological responses leading to improved survival of cells grown in peat 
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extract is evident from the differential expression of stress proteins that protect and repair 
desiccation-induced damage. This study provides an insight into the role of these stress-linked 
proteins in preconditioning rhizobia cells and a possibility of offering cross-protection and 
priming effect to the cells in subsequent stress conditions. Manipulation of these proteins may 
be of value in the development of new inoculant carriers, in particular by modifying or 
simulating properties of peat to enhance survival.  This information may be useful in the 
engineering of desiccation resistant rhizobia for agricultural applications.   
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APPENDIX I: 2-DE gel images, protein identification and functional categories of proteins 
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FIGURE A1 Protein maps of rhizobia strains grown in JMM control media and NEM peat extract from 2-dimensional gels. (A) 3841-JMM, (B) 
3841-NEM, (C) TA1-JMM, (D) TA1-NEM, (E) USDA110-JMM, (F) USDA110-NEM, (G) CB1809-JMM and (H) CB1809-NEM . Spot 
numbers refer to proteins listed in Table S1. 
  
145 
 
TABLE A1 Accession numbers linking the spot numbers from figure S1 to corresponding UniProt accession numbers  
  UniProt Accession numbers 
Spot 3841-JMM 3841-NEM TA1-JMM TA1-NEM USDA110-JMM USDA110-NEM CB1809-JMM CB1809-NEM 
1 Q1MCU5 ARGC_RHIL3  Q1MDJ5 Q1MIV7 A0A151FVF7 Q89IK8 A0A151FVF7 Q89KG0  
2 Q1MBW9  TAUB_RHIL3  Q1M9Z6 Q1MAQ7  Q89HZ4 A0A0A3Y1G8  A0A023XBB2 P94317 
3 Q1MAZ2  Q1MNF1 Q1MCV5 
Q1MBW3 + 
Q1MKU4 
Q89HZ4 P94317 Q89J82 Q89X74 
4 Q1MKX4 Q1MHI2 Q1ML67 Q1M4B5 Q89X74 Q89DA6  Q89X74 Q89X74 
5 Q1MFV0 Q1MDR7 Q1MGN6  Q1MIC4 Q89X75 Q89DA6  Q89IK8 A0A0A3Y1G8  
6 Q1M8D9 Q1MDJ3 Q1MD45 Q1MIW4  Q89X76 Q89IK8 Q89IK8 A0A0A3Y1G8  
7 Q1MIF0 CHED_RHIL3  Q1MIF3 Q1MGK8  Q89IK8 Q89T00 Q89IK8 Q89IK8 
8 Q1MKX3 Q1MKH1 Q1MLS5 Q1MAD9  Q89IK9 Q89G68 Q89DF5 A0A0A3Y1G8  
9 O33525 Q1MAZ3  Q1MKX3 Q1MLZ8  Q89IK8 Q89M93 Q89XL4  A0A0A3Y1G8  
10 Q1MAZ0  Q1MDI3 Q1M4W7 Q1MLZ2 Q89EK1 - Q89IK8 - 
11 Q1MC12 Q1MBQ2 Q1M8D1 Q1MD94 Q89EK1 Q89HP5 Q89EK1 Q89IK8 
12 Q1MJJ4 RL17_RHIL3  Q1MKX3  Q1MBT7  Q89IK8 Q89HP5 Q89R90 Q89GX5 
13 Q1MFT7 Q1M5C5 Q1MM94 Q1MAZ2  A0A0D8KNQ9  Q89DB1 - Q89GX6 
14 Q1MHI2 Q1M4B8 Q1MN33 Q1MGK8  Q89NN0 Q89DJ4 A0A0A3XNT9  Q89GX5 
15 Q1MMD9 Q1MH64 Q1MN57 Q1MLW7  Q89G41 Q89U32 P53573 Q89WZ4 
16 Q1MDR7 Q1MMH2 Q1MND3 Q1MLW7  Q89NM9 Q89VF5 Q89IP8 Q89CD7 
17 Q1MBZ8 Q1MKX3 Q1MIF5 Q1MLZ2 A0A099INY6 P53573 Q89SQ4 Q89G41 
18 Q1MKH1 Q1ML89 Q1MIM7 Q1MKX4  - Q89QC0 - A0A0A3XVE2 
19 Q1MD67 Q1MA44  Q1MGM4  Q1MA44  A0A0A3XLD0  P53573 Q89SY1 Q89C57 
20 Q1MKC6 
Q1MA44 + 
Q1MGN0  
Q1MM86 Q1MA44  A0A0N0BYC0 Q89I57 Q89VC6 Q89HP5 
21 Q1MN02 Q1MJR1 Q1M9P5 Q1MA44  A0A023X8Q2 Q89W88 Q89CE9 Q89EI6 
22 Q1MHA1  Q1MIY5 Q1MIF3 Q1MA65  A0A150UJS3 Q89QC0 Q89X60 Q89RF6 
23 Q1MFI8 Q1M352 Q1M6E0 Q1M5Y6 A0A0N0BYC0 Q89XV0 - - 
24 Q1MGN0  Q1MBG8  Q1MH92 Q1MLW7  A0A0E3VVH1  - Q89RF6 
  
146 
 
25 Q1MI33 Q1MH64  Q1MIU0 Q1MDE6 P53573 Q89XV0 Q79V15 Q89QC0 
26 Q1M4B8 Q1ML89 Q1M960 Q1M8H2 P53573 Q89VU9 Q89P74 Q89QC0 
27 Q1ML89 Q1MH60 Q1MA12  Q1M8H2 A0A023XV81 Q89SY1 A0A0M9B7H2 Q89W88 
28 Q1MGN6  Q1MEG4  Q1MGY4  Q1MGN0  P53573 Q89QF0 A0A0M9B4V1 Q89XV0 
29 Q1MGE4  CLPP3_RHIL3  Q1MN30 Q1MLZ2 P53573 Q89CE9 - P53573 
30 Q1MI33 Q1MFV9 Q1MGU0  Q1MD77  G7DRT0  Q89X59 Q89V61 Q89SZ7 
31 Q1MGM5  SYGB_RHIL3  Q1MLH2  Q1MLW3  Q89SY1 Q89PU3 Q89JR3 Q89PU3 
32 Q1MBV5 Q1MGM4  Q1MBV1 Q1MB98 A0A151FGW8  Q89CE9 A0A160ULI8  P94317 
33 Q1MAZ4  Q1MGM5  Q1MKX3 Q1MAC1  A0A0A3YWG2  Q89W06 Q89WZ0 Q89XV0 
34 Q1MGN6  Q1MIF5 Q1MCZ6 Q1M3J4 A0A0Q6AHC2  - Q89DK3 Q89QC0 
35 Q1MIY5 Q1MIF5 Q1MAU2  Q1MMW7 Q89SY1 Q89UQ5 Q89T01 Q89I57 
36 Q1MJR1 RRF_RHIL3  Q1MHH0 Q1MLW7  A0A0A3XLU9  Q89VF5 A0A0A3XIF3 Q89LU7  
37 Q1MCV5 Q1MAD3  Q1MKH1 Q1MIE3 A0A0E4BQ65 Q79V15 Q89I57 Q89IM6 
38 Q1MCV5 Q1MMY4 Q1MDR7 Q1MCD5 - Q89IK8 Q89SY1 Q89X59 
39 Q1M981 Q1MB77 Q1ME63 Q1M6Q4 A0A151FNP3 Q89XT0  Q89JW4  G7D3R5  
40 Q1M8K1 Q1MF17 Q1MFT7 Q1MC23 G7D7P7 Q89V36 Q89JW4  Q89BJ2 
41 Q1MGM4  Q1MMZ0 Q1MFV0  Q1M3J4 - Q89MZ2 Q89FT5 Q89CE9 
42 Q1MGM5  Q1MAJ7  Q1MDH4 Q1MB97 A0A0M9BFY9 Q89GZ3  - Q89PU3 
43 Q1M346 Q1M463 Q1MAP8 Q1MAJ9  Q89JH5 F8KRQ3 G7DQY4  Q89NM9 
44 Q1MAI9  Q1M517  Q1M824  Q1M4G8  G7D7F6  Q89JW4  Q89IV9 Q89C57 
45 Q1MDR9 Q1MJM3 Q1MEY2 Q1M6X3 A0A150UCP9 - Q89IU1 Q89CE9 
46 Q1MIF5 Q1MAD3  Q1M9C1 Q1MGG5  Q89M07 A0A023XEQ1 Q89CJ0 Q89W06 
47 Q1MIM7 Q1MJM3 Q1MJ50 Q1MKX4 A0A0A3Z307 G7DGX4  A0A0A3XVM1 Q89HN7 
48 Q1MJM3 Q1MJM3 Q1MJ13 Q1MAZ0  Q89MW3 Q89V92 Q89F63 Q89CE9 
49 Q1MMY4 Q1MLA6  Q1MH51 Q1MDR7 A0A0A3Y5V7 Q89JH5 A0A0D7PA12 Q89HM9 
50 Q1MLI6  Q1M5V7 Q1MFT7 Q1MH64 Q89CQ6 Q93SH7 Q89MW3 Q79V15 
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51 Q1M517 Q1MGV5 Q1MAJ7  Q1MCN3 Q89V71 - Q89WN5  Q89EJ3 
52 Q1MAJ7  Q1ML11 Q1MG87  Q1MC23 Q89HF1 A0A023XBB8 Q89GY9  - 
53 Q1M860 Q1MAZ0  Q1ML11 Q1MIC0 A0A0A3XT35 G7DLY2  A0A0A3XT26 Q89IK8 
54 Q1MDA9  Q1MEK4 Q1MC58 Q1M4G8  A0A0Q5ZLK6  Q89GT3  A0A0A3XKC3 Q89VF1 
55 Q1M517 Q1MAD4  Q1MD11 Q1MAJ9  A0A0A3XVM1 Q89K29 Q89IA9  Q89V36 
56 Q1MD74 Q1M4N4 Q1MAN9  Q1MLG9  - - Q89DG7  A0A0M9BE83 
57 Q1MDD8 Q1M8Y3 Q1MAZ0  Q1M7D1 A0A023XMC9 A0A023XBD6  Q8VRF5 
58 Q1MGQ4  Q1MCR6 Q1MAZ0  Q1M6Y0 A0A0A3XKC3 Q89L58  Q89DA9  
59 Q1MC72 Q1MA46  Q1MN73 Q1MKI4 A0A0Q5ZY52 Q89V71  Q89M61 
60 Q1MM06 PSUG2_RHIL3  Q1MC72 Q1MAZ0  H5YJE6 Q89DR1  Q89FL9 
61 Q1ML11 Q1M517 Q1M8W5 Q1MDR7 A0A0A3Y3P8 Q89M07  Q89CG7  
62 Q1MLV5 RLMH_RHIL3  Q1MDA9  Q1MH64 A0A0M9BCH7 A0A023XNW7  - 
63 Q1MGP0 Q1MGQ4  Q1MI38 Q1MF38 G7DFA6  A0A0A3YT37   Q89UF4 
64 Q1MAN9  Q1M409 Q1MI38 Q1MD45 A0A0A3XT06 Q89VS4  Q89GY9  
65 Q1MLV5 Q1MDA9  Q1MLN9  Q1MBR1 A0A023XBL7 Q89UU2  Q89G13 
66 Q1MDC8 Q1MIP7 Q1M951 Q1MKX3 Q89T01 -  Q89DM4 
67 Q1MC58 RBSA3_RHIL3  Q1M8J9 Q1MEC7 A0A0A3XIF3 -  Q89M07 
68 Q1MAZ0  Q1M911 Q1M981 Q1MGM5  A0A0M9B6W8 Q89JL9   Q89CK0 
69 Q1MKX4 CLPX_RHIL3  Q1M8W5 Q1MJR1 A0A023XQF1 Q89DP4  Q89MW3 
70 Q1MN44 Q1MFR3 Q1MII1 Q1MIY5 A0A023XUD7 Q89IS0  A0A0A3XVM1 
71 Q1MHV6 Q1MIA2  Q1MI38  Q1M352 A0A0Q5YZB9  Q89JW4   Q89JW4  
72 Q1MDE6 AROA_RHIL3  Q1MIE0 Q1M8I9 A0A023XK76 Q89IA9   A0A0A3Z2N7 
73 Q1MH07 Q1M965 Q1MJM3 Q1MM94  Q89MW3  Q89UV5 
74 Q1MJD0 
Q1MFH7 +  
Q1MKX4 
Q1MG37  Q1MKB0  Q89CK0  Q89DE9 
75 Q1MKX4 Q1MAZ0  Q1ML64 Q1MG95   Q89R85  A0A0A3Y0X0 
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76 Q1MKX4 Q1MH32 Q1MJN5 Q1MIF5  -  Q89CM3 
77 O33525 Q1ML98 Q1MLA7  Q1MFX6  -  Q89CW6 
78 Q1M498 Q1MAN9  Q1MAC1  Q1MAD3   Q89G68  Q89UU2 
79 Q1MCS2 Q1M965 Q1MI48 Q1MGM4   A0A023XJT5  A0A0A3XHZ0 
80 Q1MI00 Q1M342 Q1MG42  Q1MJM3  A0A023XA75  A0A0Q5ZSQ1 
81 
Q1MIP7 + 
Q1ME09 
Q1M592 Q1MMW7 Q1M8Y8  A0A0A3XRI1  Q89HI7 
82 Q1MAP8 Q1M4N4 Q1MBJ1  Q1MG99   A0A023XA75  Q89V71 
83 Q1MFS1 
Q1ME18 +  
Q1MDC8 
Q1M612 + O33525 Q1M4G8   Q89Y20  Q89L58 
84 
Q1MJN1 + 
Q1MMW7 
RS10_RHIL3  Q1M7W3 Q1M3J4  Q89T47  A0A0M9B7H2 
85 Q1MMW7 Q1MDH4 Q1M612 Q1MIP7  A0A0A3XGX5  Q89JC7 
86 Q1MNE1 Q1MDK3 O33525 Q1MAJ9   Q89X75  A0A0A3XZX6 
87 Q1M367 Q1MDK3 Q1MIF3 Q1MDA9   -  P77828 
88 Q1MCR1 Q1MG37  Q1MG68  Q1MMD8  Q89GY9   Q89LN4  
89 Q1MLW3  Q1MCR1  Q1MIF3 Q1MAT8   A0A0M9BF70  Q89GT3  
90 Q1MMW7 Q1MAP8 Q1MKI9 Q1MHM5  A0A0M9BF70  Q89KS2 
91 Q1ML05 Q1MKU2 Q1MAZ0  Q1MBW3     Q89JH5 
92 Q1MB98 Q1MAP8 Q1MKX4 Q1MGN3     Q89JY7 
93 Q1MH53 Q1MAC1  Q1MKX4 Q1MMZ0    A0A0A3YJN0  
94 Q1M7E6 Q1MLA7  - Q1MAJ7     Q89CM3 
95 Q1M911 Q1MMW7 Q1MED6 Q1MHZ9    Q89CM3 
96 Q1MAW9  Q1MNE1 Q1MND2 Q1MD11    Q89R63 
97 O33525 RBSA3_RHIL3  Q1MD45     Q89D45 
98 O33525 Q1MGK4  Q1MIJ6     Q89KP4 
99 Q1MJN7 Q1MJC2 Q1M860     G7DEF5  
100 Q1MKG5  Q1M966  Q1MBN2     Q89X59 
101 Q1MG37  Q1M966 Q1MHN7     Q89W48 
102 Q1MLA7  Q1M499 Q1MF36     Q89VF5 
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103 Q1MLA7  Q1ML89 Q1MIV7     Q89LJ9  
104 Q1MDN5 Q1M6N7 Q1MGY3      A0A023XI50 
105 Q1MAC1  Q1MH63 Q1MBE8     Q89N65 
106 Q1MDM0 Q1MDH3 Q1MFN2     Q89NP0 
107 Q1MAQ5  Q1MHZ7 Q1MES5     Q89P89 
108 Q1ME86 Q1MAA1  Q1MMC9     Q89KG1  
109 Q1ME86 Q1MKS7 Q1MBN3     Q89UC9 
110 Q1MIV7 Q1MFF6 Q1MDV7     Q89MW0 
111 Q1MDR7 Q1MH05 Q1MBN2     Q89GZ3  
112 Q1MIV7 Q1MMY0 Q1M860     Q89LX5 
113 Q1MHN7 Q1MKX3 Q1MEZ4     Q89IM3 
114 Q1M9Z7 Q1MAK1  Q1MG68      A0A0A3XMU1 
115 Q1MD71 Q1MFN2 Q52812      Q89QH2 
116 Q1MD71 Q1MM91 Q1MMW7     Q89GS6  
117 Q1MD71 
Q1MAM5 + 
Q1MJJ4 
Q1MMW7     Q89VF5 
118 Q1MLV5 Q1MFN2 Q1MH53     Q89C52 
119 Q1MH36 Q1M521 Q1MLW7       
120 Q1MJC5 Q1MMC9 Q1MAN3      Q89EZ8 
121 
Q1MJC5 + 
Q1M4B8 
Q1MGM1  Q1MLZ8      
122 Q1MH47 Q1M8D9 Q1MAH1       
123 
Q1MN11 + 
Q1MKL1  
Q1MBU1 Q1MAH1       
124 Q1ML81 Q1MLZ2 Q1MB98       
125 Q1ML81 Q1M4Q9 Q1MCU5      
126 Q1MAZ2  Q1MMZ5 Q1MCU5      
127 Q1MBV5 Q1MN42 Q1MCU5      
128 Q1MKX4 
Q1MBN2 + 
Q1MJ13 
Q1MCF6      
129 Q1MH53 Q1MMZ5 Q1MBH6      
130 Q1MCU5  Q1MHN8 Q1MH36      
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131 Q1MCU5 Q1M7Y4 Q1MCQ4      
132 Q1MAI6  Q1MH53 Q1MAZ2       
133 Q1MCU5 Q1MMZ5 Q1MKX4      
134 Q1MDY1 Q1MLW3  Q1MBW9       
135 Q1MD26 Q1MMZ5 Q1MCU5      
136 Q1MIA9  Q1MMW7 Q1MKX4       
137 Q1MAW1  Q1MCF0 Q1M3H2      
138 
Q1MA65 +  
Q1MMT5 
Q1ML05 Q1MA65       
139 Q1MAI9  Q52812 Q1MDE6      
140 Q1MD80 Q52812 Q1MFH0      
141 Q1MFS1 Q1MLW7  Q1MFS1      
142 Q1MD64 Q1MLW7  Q1MFS1      
143 Q1MLT5  Q1MI08 Q1MCD5      
144 Q1MAN3  Q1MLW7  Q1M3D4      
145 Q1MIB7 Q1MM47 Q1MLP6      
146 Q1M6Z2 Q1MDF7 
Q1MDE6 + 
Q1MC81 
     
147 Q1MHQ5 Q1M612 +  Q1MKX4      
148 Q1MLZ8 Q1MEE5  Q1MKX4      
149 Q1MFN2 Q1MC23 Q1M6U7      
150 Q1MAK1  Q1MLW7        
151 Q1MMC9 Q1M5Y6       
152 Q1MMC9 Q1MN86       
153 Q1MFN2 Q1MEK8       
154 Q1MMC9 Q1MDG4        
155 Q1MNF1 Q1M592       
156 Q1MLZ2 Q1MIX1       
157 Q52812 Q1MDZ0        
158 Q1MN42 Q1MLW7        
159 Q1MBN2 Q1MDZ0       
160 Q1MJ13 Q1MLZ8       
161 Q1MCZ3 Q1MAN3        
  
151 
 
162 ARLY_RHIL3  Q1M3M4       
163 EFTS_RHIL3  Q1MD64       
164 Y617_RHIL3  Q1MB21       
165  Q1M7P4       
166  Q1M3M1       
167  Q1MCU5       
168  Q1MDZ0       
169  Q1MLB4        
170  Q1MH36       
171  Q1M3Q9       
172  Q1MLM0       
173  
Q1MCQ4 + 
Q1MH36 
      
174  Q1MLB4        
175  Q1MHD5       
176  Q1MGK8        
177  Q1MDZ0       
178  Q1MCU5       
179  Q1MCU5        
180  Q1MGK8        
181  Q1M971       
182  Q1MKX4       
183  Q1MA44        
184  Q1MA44        
185  Q1MC76       
186  Q1MA44        
187  Q1M8H2       
188  Q1MCN3       
189  Q1MIW4        
190  Q1MAZ2        
191  Q1MAZ2        
192  Q1MAQ5        
193  Q1ME86       
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194  Q1ME86        
195  Q1MC39       
196  Q1MC39       
197  Q1MIM2       
198  Q1MIM2       
199  Q1MBW9        
200  Q1MH47       
201  Q1MJC5        
202  Q1MJC5       
203  Q1MH33       
204  Q1MHK9       
205  Q1M8R5       
206  Q1MH33       
207   Q1ML81       
208  Q1ML81       
209  Q1M8R5       
210  Q1M8R5       
211  
Q1ML81 + 
Q1MAZ2  
      
212  Q1MAZ2        
213  Q1MGK8        
214  Q1MAZ6        
215  Q1MD26       
216  Q1MI08       
217  Q1MN44       
218  Q1MH53       
219  Q1MFI8       
220  Q1M8H2       
221  Q1MLW7        
222  Q1MCN3       
223  Q1MLW7        
224  Q1M8H2       
225  Q1MCN3       
226  Q1MIE3       
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227  Q1MIE3       
228  Q1MCN3       
229  Q1MKA2        
230  Q1MHV6       
231  Q1MHV6       
232  Q1M6E3       
233  Q1M498       
234  Q1MDE6       
235  Q1MDE6       
236  Q1MA44        
237  Q1MHZ9       
238  Q1MHZ9       
239  Q1MCS2       
240  Q1M498       
241  Q1M498       
242  Q1MKX4       
243  Q1M6A6        
244  Q1M965       
245  Q1M965       
246  Q1MBL8        
247  Q1M8T1       
248  Q1M592       
249  Q1M592       
250  O33525       
251  Q1MC23       
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TABLE A2: Amino acid transport and metabolism proteins identified across the four rhizobia strains and the fold induction of each protein expressed after 
growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction   
Protein name 
Fold induction 
3841 TA1 
Gene name 
(ordered 
locus) USDA110 CB1809 
RL4515 Argininosuccinate synthase 2  >3 >3 bll3387 Hypothetical protein >3 >3 
RL2204 
General L-amino acid-binding 
periplasmic protein AapJ 0.2 >3 blr7848 
ABC-type branched-chain amino acid 
transport systems, periplasmic component >3 1.4 
RL1668 
N-acetyl-gamma-glutamyl-phosphate 
reductase (AGPR)  >3 >3 blr7848 
ABC-type branched-chain amino acid 
transport systems, periplasmic component >3 >3 
RL3543 
Putative solute-binding component of 
ABC transporter 0.8 0.4 bll0887 ABC transporter substrate-binding protein >3 >3 
RL2753 
Putative solute-binding component of 
ABC transporter >3 >3 MA20_26115 Aspartate aminotransferase >3 - 
RL4634 
Putative solute-binding component of 
ABC transporter 0.9 2.1 blr0971 ABC transporter ATP-binding protein >3 - 
RL4553 
Putative solute-binding component of 
ABC transporter 0.5 - bll6477 ABC transporter ATP-binding protein >3 - 
pRL90230 
Putative component of ABC 
transporter >3 - blr1356 
Peptide ABC transporter ATP-binding 
protein >3 - 
RL0340 Putative cysteine synthase >3 - bll7941 Leucyl aminopeptidase (aminopeptidase T) - >3 
RL4529 Putative lipase/arylesterase >3 - bll2253 
ABC-type branched-chain amino acid 
transport systems, periplasmic component - >3 
pRL90101 
Putative periplasmic binding protein 
component of ABC transporter >3 - blr5608 
Methionine synthase II (cobalamin-
independent) - >3 
pRL90258 
Putative substrate-binding ABC 
transporter protein >3 - bll7941 Leucyl aminopeptidase (aminopeptidase T) - >3 
pRL110281 
Putative substrate-binding component 
of ABC transporter >3 - bll5953 
ABC-type branched-chain amino acid 
transport systems, periplasmic component - >3 
pRL90231 
Putative substrate-binding component 
of ABC transporter >3 - ASG57_31585 
Branched-chain amino acid ABC 
transporter substrate-binding protein - >3 
pRL120775 
Putative substrate-binding component 
of ABC transporter >3 - MA20_41130 Peptidase - >3 
pRL110400 
Putative substrate-binding component 
of ABC transporter >3 >3 bll2909 
ABC-type amino acid transport/signal 
transduction systems, periplasmic 
component/domain - >3 
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pRL110243 
Putative substrate-binding component 
of ABC transporter >3 - bll7600 
ABC-type amino acid transport/signal 
transduction systems, periplasmic 
component/domain - >3 
RL3906 
Putative solute-binding component of 
ABC transporter  - 3.4 BJ6T_54560 
N-acetyl-gamma-glutamyl-phosphate 
reductase - >3 
RL4555 
3-isopropylmalate dehydratase large 
subunit - >3 MA20_20160 ABC transporter ATP-binding protein <3 <3 
RL1043 
Putative solute-binding component of 
ABC transporter <3 - bll5586 Serine acetyltransferase - <3 
RL0228 
Putative solute-binding component of 
ABC transporter <3 - AF336_30150 
Branched-chain amino acid ABC 
transporter substrate-binding protein <3 - 
RL2013 
Putative solute-binding component of 
ABC transporter <3 - AF336_30150 
Branched-chain amino acid ABC 
transporter substrate-binding protein <3 - 
RL1326 
Putative branched-chain-amino-acid 
aminotransferase  <3 - BJS_05779 
Glutamate/aspartate periplasmic binding 
protein <3 - 
RL0778 
Putative dipeptide binding component 
of ABC transporter <3 - ASG57_01925 
Amino acid ABC transporter substrate-
binding protein <3 - 
RL2393 
Putative nitrogen regulatory protein p-
II <3 <3     
RL0554 
Putative O-succinylhomoserine 
sulfhydrylase <3 -     
pRL100360 
Putative substrate-binding component 
of ABC transporter <3 -     
RL3745 
Solute-binding component of a broad 
range amino acid ABC transporter <3 <3     
RL3735 Urease subunit gamma  <3 <3     
RL2389 
Conserved hypothetical exported 
protein <3 -     
RL3331 Methylenetetrahydrofolate reductase <3 -     
RL0613 Histidinol dehydrogenase (HDH)  - <3     
RL3004 Putative acetyltransferase - <3     
RL2338 
Putative solute-binding component of 
ABC transporter - <3     
RL4458 
Putative transmembrane component of 
ABC transporter - <3         
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TABLE A3: Carbohydrate transport and metabolism proteins identified across the four rhizobia strains and the fold induction of each protein expressed after 
growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL0179 
2,3-Bisphosphoglycerate-dependent phosphoglycerate mutase (BPG-
dependent PGAM)  1.7  
RL2239 Enolase  1.6 <3 
RL4162 Putative 2-dehydro-3-deoxyphosphogluconate aldolase  >3 <3 
RL0752 Putative 6-phosphogluconolactonase  0.3 <3 
RL2598 Ribulose-phosphate 3-epimerase  0.8 <3 
RL0518 Putative solute-binding component of ABC transporter 1.2 >3 
RL2796 Putative solute-binding component of ABC transporter 1.5 - 
RL3624 Putative solute-binding component of ABC transporter 1.1 - 
RL2807 6-Phosphogluconate dehydrogenase >3 - 
RL0745 ABC transporter, substrate binding protein (Agr_c_1045p) >3 - 
RL0753 Glucose-6-phosphate 1-dehydrogenase (G6PD)  >3 - 
RL0183 Methylglyoxal synthase  >3 - 
pRL120200 Periplasmic erythritol binding protein >3 - 
RL0915 Putative 2-dehydro-3-deoxy-6-phosphogalactonate aldolase  >3 - 
RL4655 Solute binding protein of inositol ABC transporter >3 - 
RL4176 Xylose isomerase  >3 - 
pRL110150 Putative aldolase >3 - 
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pRL120590 Putative ATP-binding component of ABC transporter >3 - 
RL2721 Putative D-ribose-binding protein component of ABC transporter >3 - 
RL3135 Putative glycerol-3-phosphate-binding periplasmic protein >3 - 
pRL90111 Putative periplasmic component of ABC transporter >3 - 
pRL90237 Putative periplasmic solute-binding component of ABC transporter >3 - 
pRL90270 Putative periplasmic substrate binding component of ABC transporter >3 - 
RL3322 Pyrophosphate--fructose 6-phosphate 1-phosphotransferase  >3 - 
RL2421 Putative solute-binding component of ABC transporter >3 >3 
RL4377 Putative solute-binding component of ABC transporter >3 - 
RL3807 Putative solute-binding component of ABC transporter protein >3 >3 
pRL120225 Putative substrate binding component of ABC transporter >3 - 
pRL120556 Putative substrate-binding component of ABC transporter >3 - 
pRL120593 Putative substrate-binding component of ABC transporter >3 - 
pRL120400 Putative substrate-binding component of ABC transporter >3 - 
pRL100259 Putative substrate-binding component of ABC transporter >3 - 
pRL120011 Putative substrate-binding periplasmic protein >3 - 
RL0639 Uncharacterised protein >3 - 
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pRL90270 Putative periplasmic substrate binding component of ABC transporter - >3 
RL3212 Putative alcohol dehydrogenase - >3 
RL0504 Glucose-6-phosphate isomerase (GPI)  <3 - 
RL3617 Putative solute-binding component of ABC transporter <3 - 
RL3359 Putative solute-binding component of ABC transporter <3 - 
RL0091 Putative ATP-binding component of ABC transporter - <3 
RL4218 Putative mannitol-binding component of ABC transporter - <3 
pRL120682 Putative rhizopine-binding protein - <3 
  USDA110 CB1809 
blr2269 ABC transporter sugar-binding protein 0.3 <3 
blr2269 ABC transporter sugar-binding protein 0.6 <3 
blr3208 ABC-type xylose transport system, periplasmic component >3 >3 
bll5782 ABC transporter sugar-binding protein >3 0.6 
blr5564 Hypothetical protein >3 - 
bll6220 Glucose dehydrogenase - >3 
blr7099 ABC-type sugar transport system, periplasmic component - 0.4 
blr7830 Putative glycerate kinase - >3 
bll4545 Sugar phosphate isomerases/epimerases - >3 
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TABLE A4: Cell wall/membrane/envelope biogenesis proteins identified across the four rhizobia strains and the fold induction of each protein 
expressed after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL2228 Outer membrane protein assembly factor BamA 0.9 - 
RL2375 Putative basic membrane lipoprotein 0.8 - 
RL3664 Putative capsule polysaccharide export protein 0.8 - 
RL0196 Putative outer membrane basic lipo-protein 0.7 - 
RL0512 Putative solute-binding component of ABC transporter 0.9 5.2 
RL4711 Putative ATP-binding component of ABC transporter >3 - 
RL3786 Putative HlyD family secretion efflux protein >3 <3 
RL0078 
Putative UDP-glucose 4-epimerase (UDP-galactose 4-
epimerase)  >3 - 
RL0420 Putative outer membrane OstA family protein >3 - 
RL0462 Putative transmembrane protein >3 - 
RL1608 Putative transmembrane protein - 13.8 
RL4081 UTP-glucose-1-phosphate uridylyltransferase - >3 
RL3594 Dihydrodipicolinate synthase - >3 
RL0196 Putative outer membrane basic lipo-protein  - 25.1 
RL2540 Putative transmembrane anchored protein - >3 
RL2659 Putative solute-binding component of ABC transporter - >3 
RL1435 Putative outer membrane protein <3 - 
RL4404 Gel-forming exopolysaccharide production protein <3 - 
pRL120750 Putative ABC transporter component <3 - 
pRL90036 Putative attachment-related protein <3 - 
RL1625 dTDP-glucose 4,6-dehydratase  - <3 
RL2593 Putative transmembrane peptidase family protein - <3 
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RL2548 Putative transmembrane protein - <3 
  USDA110 CB1809 
MA20_15015 Membrane protein - 1.2 
blr6004 Nucleoside-diphosphate-sugar epimerases - >3 
blr0643 Membrane-bound lytic murein transglycosylase - <3 
MA20_23960 Acetyltransferase <3 - 
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TABLE A5: Coenzyme transport and metabolism proteins identified across the four rhizobia strains and the fold induction of each protein expressed 
after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL1813 Putative 2-dehydropantoate 2-reductase >3 - 
RL3561 Putative bacterial luciferase family protein >3 - 
RL2089 
Putative biotin carboxyl carrier protein of acetyl-
CoA carboxylase 0.3 - 
RL4495 Porphobilinogen deaminase - >3 
pRL120620 Putative haloacid dehydrogenase - >3 
RL4462 Putative decarboxylase - >3 
RL3494 
Oxygen-dependent coproporphyrinogen-III 
oxidase (CPO) (Coprogen oxidase)  - <3 
RL2292 
Putative 2-octaprenyl-3-methyl-6-methoxy-1,4-
benzoquinol hydroxylase  - <3 
RL3960 D-3-phosphoglycerate dehydrogenase  - <3 
RL0024 Putative FolC bifunctional protein - <3 
RL0585 Putative RibD family protein - <3 
pRL90219 Aminopyrimidine aminohydrolase  - <3 
RL3960 D-3-phosphoglycerate dehydrogenase  - <3 
RL1332 NH(3)-dependent NAD(+) synthetase  <3 - 
  USDA110 CB1809 
blr3798 Demethylmenaquinone methyltransferase - >3 
bll5945 
S-adenosylmethionine synthase (AdoMet 
synthase)  >3 >3 
bll0946 Geranyltranstransferase  >3  
bll2249 
Ubiquinone/menaquinone biosynthesis 
methyltransferase <3 <3 
ASG57_09230 
2-amino-4-hydroxy-6-
hydroxymethyldihydropteridine 
pyrophosphokinase <3 - 
bsr7472 Molybdopterin converting factor, small subunit - <3 
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TABLE A6: Defence mechanisms proteins identified across the four rhizobia strains and the fold induction of each protein expressed after growth in peat 
extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL1302 
Putative OsmC-like organic hydroperoxide 
resistance protein 0.4 >3 
RL4226 Putative osmotically inducible protein C >3 - 
RL3774 
Putative transmembrane AcrB/D/F RND family 
transporter >3 - 
RL1099 
Putative type I restriction enzyme modification 
methylase subunit - >3 
  USDA110 CB1809 
bll0805 
Beta-lactamase class C and other penicillin 
binding proteins >3 >3 
bll6292 hemolysin III <3 - 
BN2626_G22_0243 
Type I restriction modification system 
restriction subunit R EC 31213 
CDS (Bradyrhizobium sp.) - <3 
TABLE A7: Energy production and conversion proteins identified across the four rhizobia strains and the fold induction of each protein expressed after 
growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction   
Protein name 
Fold induction 
3841 TA1 
Gene name 
(ordered 
locus) USDA110 CB1809 
RL2243 
Acetyltransferase component of pyruvate 
dehydrogenase complex  >3 - blr1378 
Electron transfer flavoprotein subunit alpha 
(Alpha-ETF) (Electron transfer flavoprotein large 
subunit) (ETFLS) 4.0 - 
RL4405 ATP synthase epsilon chain  >3 - blr1378 
Electron transfer flavoprotein subunit alpha 
(Alpha-ETF) (Electron transfer flavoprotein large 
subunit) (ETFLS) 1.3 - 
RL4409 ATP synthase subunit alpha  1.0 7.3 bll0456 Malate dehydrogenase  >3 >3 
RL4407 ATP synthase subunit beta 0.5 11.0 bll1185 F0F1-type ATP synthase, subunit b 0.8 >3 
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RL3891 Conserved hypothetical exported protein >3 - bll0439 
ATP synthase epsilon chain (ATP synthase F1 
sector epsilon subunit)  4.8 - 
RL4103 Conserved hypothetical exported protein >3 - MA20_03555 Glycerophosphodiester phosphodiesterase >3 >3 
RL4504 Inorganic pyrophosphatase  1.2 <3 bll0440 F0F1-type ATP synthase, beta subunit - >3 
RL4439 Malate dehydrogenase  0.1 <3 bll0440 F0F1-type ATP synthase, beta subunit - 4.9 
RL4319 
Putative electron transfer flavoprotein beta-
subunit >3 - blr6219 
Aerobic-type carbon monoxide dehydrogenase, 
large subunit CoxL/CutL homologs - >3 
RL0761 Putative isocitrate lyase  >3 - MA20_21040 2-Hydroxy-3-oxopropionate reductase - >3 
RL2242 Putative pyruvate dehydrogenase >3 - blr2816 NAD-dependent aldehyde dehydrogenases - >3 
RL3486 
Ubiquinol-cytochrome c reductase iron-sulfur 
subunit  >3 - blr2816 NAD-dependent aldehyde dehydrogenases - >3 
RL4019 Uncharacterized protein >3 - blr1378 Electron transfer flavoprotein, alpha subunit - 2.6 
RL3131 
Putative glycerophosphoryl diester 
phosphodiesterase >3 - AF336_34985 Photosystem reaction center subunit H - 28.4 
RL1024 Putative cox locus protein  - >3 bll3156 
Predicted acyl-CoA transferases/carnitine 
dehydratase - >3 
RL4438 
Succinyl-CoA ligase [ADP-forming] subunit 
beta  <3 - bll0440 ATP synthase subunit beta  <3 - 
    AF336_09235 Acyl transferase <3 - 
    bll0455 Succinyl-CoA synthetase, beta subunit - <3 
    AF336_39615 2Fe-2S ferredoxin - <3 
        blr5209 
Aerobic-type carbon monoxide dehydrogenase, 
small subunit CoxS/CutS homologs - <3 
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TABLE A8: ‘Function unknown’ category of proteins identified across the four rhizobia strains and the fold induction of each protein expressed after 
growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction   
Protein name 
Fold induction 
3841 TA1 
Gene name 
(ordered 
locus) USDA110 CB1809 
RL0770 Uncharacterised protein 4.5 - AF336_08600 Uncharacterised protein >3 - 
RL0853 Uncharacterised protein 0.4 - BJ6T_04990 Uncharacterised protein >3 - 
RL1107 Putative transmembrane protein >3 - BJS_01146 Uncharacterised protein >3 - 
RL1369 Putative pentapeptide repeat protein >3 - BJS_02330 Uncharacterised protein >3 - 
RL1601 Conserved hypothetical exported protein >3 >3 bll5155 Hypothetical protein >3 1.5 
RL1693 Conserved hypothetical exported protein >3 - bll5155 Hypothetical protein >3 <3 
RL1920 Conserved hypothetical exported protein >3 - bll6206 Hypothetical protein >3 0.7 
RL2211 Uncharacterised protein >3 >3 bll7395 Hypothetical protein >3 - 
RL2408 Conserved hypothetical exported protein >3 - blr0135 Hypothetical protein >3 - 
RL3516 Uncharacterised protein >3 - blr0227 Hypothetical protein >3 - 
RL4003 Conserved hypothetical exported protein >3 - blr2887 Hypothetical protein >3 - 
RL4497 Putative transmembrane protein 0.7 - blr4050 Hypothetical protein >3 - 
pRL110057 Uncharacterised protein - >3 blr5730 Hypothetical protein >3 <3 
pRL110064 Uncharacterised protein - >3 blr6202 Hypothetical protein >3 >3 
pRL90241 Uncharacterised protein - >3 blr7445 Hypothetical protein >3 - 
RL2396 Uncharacterised protein  - >3 blr7528 Hypothetical protein >3 - 
RL2467 Uncharacterised protein - >3 BJS_06083 Uncharacterised protein >3 - 
RL2536 Uncharacterised protein - >3 BJS_06998 Uncharacterised protein >3 - 
RL4133 Conserved hypothetical exported protein - >3 bll1587 Hypothetical protein >3 - 
pRL100076 Uncharacterised protein <3 <3 bll2250 Hypothetical protein >3 - 
RL0575 Putative transmembrane protein <3 - BJ6T_42740 Uncharacterised protein   - >3 
RL1608 Putative transmembrane protein <3 - bll3594 
Uncharacterised protein conserved in 
bacteria - >3 
RL2173 Uncharacterised protein <3 - bll4831 
Uncharacterised protein conserved in 
bacteria - >3 
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RL2268 Putative transmembrane protein <3 - bll6535 
Uncharacterised protein conserved in 
bacteria - >3 
RL2684 Conserved hypothetical exported protein <3 <3 bll7415 Hypothetical protein - >3 
RL2697 Conserved hypothetical exported protein <3 <3 blr0844 Hypothetical protein - >3 
RL2491 Conserved hypothetical exported protein <3 - blr7490 Hypothetical protein - >3 
RL3469 Uncharacterised protein <3 - MA20_08930 Hypothetical protein - >3 
RL3608 Uncharacterised protein <3 - MA20_38410 Hypothetical protein - >3 
RL3614 Uncharacterised protein <3 - MA20_47670 Hypothetical protein - >3 
RL3621 Putative transmembrane protein <3 - ASG57_24915 Hypothetical protein <3 - 
RL4569 UPF0434 protein RL4569 <3 - BJ6T_04120 Uncharacterised protein <3 - 
pRL70020 Uncharacterised protein - <3 BJ6T_21740 Uncharacterised protein <3 - 
pRL70047  Uncharacterised protein - <3 BJ6T_65810 Uncharacterised protein <3 - 
pRL70142 Uncharacterised protein - <3 BJS_00636 Uncharacterised protein <3 - 
pRL80098 Uncharacterised protein - <3 BJS_01920 Uncharacterised protein <3 - 
pRL90009 Uncharacterised protein - <3 BJS_05968 Uncharacterised protein <3 - 
RL0131 Conserved hypothetical exported protein - <3 BJS_07453 Uncharacterised protein <3 - 
RL0620 Uncharacterised protein - <3 MA20_07870 Uncharacterised protein <3 - 
RL1878 Putative peptidoglycan binding protein - <3 MA20_09035 Uncharacterised protein <3 - 
RL2182 Uncharacterised protein - <3 NK6_4024 Hypothetical protein <3 - 
RL2291 Uncharacterised protein - <3 NK6_5995 Uncharacterised protein <3 - 
RL2992 Uncharacterised protein - <3 BJ6T_14240 Hypothetical protein - <3 
RL3382 
Putative outer membrane protein related to 
bp26 antigen of Brucella - <3 blr3609 Hypothetical protein - <3 
RL3695 Conserved hypothetical exported protein - <3 blr5525 Uncharacterised conserved protein - <3 
RL4161 Uncharacterised protein - <3 blr7436 Hypothetical protein - <3 
    MA20_27030 Hypothetical protein - <3 
        MA20_29755 Uncharacterised protein - <3 
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TABLE A9: General function prediction only proteins identified across the four rhizobia strains and the fold induction of each protein expressed after 
growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction   
Protein name 
Fold induction 
3841 TA1 
Gene name 
(ordered 
locus) USDA110 CB1809 
RL4521 
Conserved hypothetical exported 
protein 1.4 - BJS_03372 Methyltransferase >3 - 
RL2215 
Conserved hypothetical HIT family 
protein >3 - bll1155 Hypothetical protein >3 - 
RL2323 
Putative GFO/IDH/MocA 
dehydrogenase  >3 - BJS_07037 Putative FAD-dependent oxygenase >3 - 
pRL120455 Putative isochorismatase family protein >3 - MA20_43830 ATPase >3 - 
RL2967 Putative non-heme chloroperoxidase >3 - BJS_06460 Short chain dehydrogenase - >3 
RL0122 Putative oxidoreductase 0.2 - blr1488 
Dehydrogenases with different specificities 
(related to short-chain alcohol 
dehydrogenases) - >3 
RL1909 Putative nonspecific acid phosphatase >3 - bll5611 
Predicted nucleotide-utilizing enzyme related 
to molybdopterin-biosynthesis enzyme MoeA - >3 
pRL120082 Putative plasmid stabilization element >3 - blr6269 Putative intracellular protease/amidase - >3 
RL3644 
Putative polysaccharide 
acetyltransferase protein - 3.4 blr1304 
Dehydrogenases with different specificities 
(related to short-chain alcohol 
dehydrogenases) - >3 
pRL120292 
Putative short-chain 
dehydrogenase/oxidoreductase - >3 blr7484 Predicted Zn-dependent peptidases - <3 
RL0913 Putative PRC family protein - >3 blr0294 Predicted ATPase - <3 
RL3984 Putative oxidoreductase <3 - bll1195 Predicted ATPase - <3 
RL1917 Uncharacterized protein <3 - blr0538 Predicted Fe-S oxidoreductases - <3 
RL4521 
Conserved hypothetical exported 
protein - <3 bll6614 
Predicted hydrolases or acyltransferases 
(alpha/beta hydrolase superfamily)  - <3 
RL0133 Nucleoid-associated protein  - <3 bll6838 Predicted phosphatase/phosphohexomutase - <3 
RL3275 
Putative 3-demethylubiquinone-9 3-
methyltransferase family protein - <3     
RL3062 Putative adenylate cyclase  - <3     
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pRL120138 
Putative cobW family cobalimin 
synthesis protein - <3     
RL4246 
Putative GFO/IDH/MocA family 
oxidoreductase - <3     
RL3984 Putative oxidoreductase - <3     
RL1019 Putative regulator - <3     
pRL90315 Putative transcriptional regulator - <3     
RL2948 Uncharacterised protein - <3     
RL3885 
Putative Fur regulated salmonella iron 
ABC transporter - <3     
RL4584 
Putative iron(III)-binding periplasmic 
protein - <3     
RL0542 
Putative solute-binding component of 
ABC transporter - <3     
pRL110374 
Putative substrate-binding component of 
ABC transporter - <3     
RL2713 
Putative substrate-binding 
ferrisiderophore receptor - <3     
RL1340 Superoxide dismutase  - <3         
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TABLE A10: Posttranslational modification, protein turnover and chaperonin proteins identified across the four rhizobia strains and the fold induction 
of each protein expressed after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction   
Protein name 
Fold induction 
3841 TA1 
Gene name 
(ordered 
locus) USDA110 CB1809 
RL0884 
10 kDa chaperonin (GroES protein) 
(Protein Cpn10) 0.7 2.1 blr5626 
60 kDa chaperonin 6 (GroEL protein 6) 
(Protein Cpn60 6) 3.4 1.2 
RL0883 
60 kDa chaperonin 1 (GroEL protein 1) 
(Protein Cpn60 1) 0.4 4.6 blr5626 
60 kDa chaperonin 6 (GroEL protein 6) 
(Protein Cpn60 6) 3.1 1.1 
RL0883 
61 kDa chaperonin 1 (GroEL protein 1) 
(Protein Cpn60 1)  1.0 blr5626 
60 kDa chaperonin 6 (GroEL protein 6) 
(Protein Cpn60 6) >3 2.0 
RL2404 
Peptidyl-prolyl cis-trans isomerase 
(PPIase)  1.3 >3 blr0676 Protein GrpE (HSP-70 cofactor) 6.2 0.2 
RL2405 
Peptidyl-prolyl cis-trans isomerase 
(PPIase) 0.5 2.5 blr0678 
Chaperone protein DnaK (HSP70) (Heat 
shock 70 kDa protein) (Heat shock protein 
70) >3 >3 
RL0382 Protein GrpE (HSP-70 cofactor) 0.3 <3 blr7533 
60 kDa chaperonin 7 (GroEL protein 7) 
(Protein Cpn60 7) >3 - 
RL3252 Putative serine protease 0.0 - blr0205 Peptidylprolyl isomerase 4.3 >3 
RL1440 Putative serine protease 0.2 - blr5308 Anti-oxidant protein >3 >3 
pRL120342 Putative small heat shock protein 0.2 - bll6262 OsmC protein >3 >3 
RL1037 Putative thioredoxin family protein 0.6 <3 bll4690 Peptidyl-prolyl cis-trans isomerase (PPIase)  >3 >3 
RL2212 
ATP-dependent Clp protease adapter 
protein ClpS >3 - bll1317 Peroxiredoxin >3 >3 
RL3515 
ATP-dependent Clp protease 
proteolytic subunit 3 >3 <3 bll4945 
FKBP-type peptidyl-prolyl cis-trans 
isomerase (trigger factor) - >3 
RL3965 
ATP-dependent zinc metalloprotease 
FtsH >3 - blr5226 Co-chaperonin GroES (HSP10) - >3 
RL1443 
Glutamate-ammonia-ligase 
adenylyltransferase  >3 - bll6506 
Trypsin-like serine proteases, typically 
periplasmic, contain C-terminal PDZ domain - >3 
RL2062 Trigger factor (TF)  >3 - bll4944 
Protease subunit of ATP-dependent Clp 
proteases - >3 
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RL1688 
ATP-dependent Clp protease 
proteolytic subunit 2  <3 <3 blr5625 
10 kDa chaperonin (GroES protein) (Protein 
Cpn10) <3 - 
RL0152 
Chaperone protein DnaK (HSP70) 
(Heat shock 70 kDa protein) (Heat 
shock protein 70) <3 - bll6506 Serine protease DO-like <3 - 
RL4297 Peptidylprolyl isomerase  <3 0.8 blr5308 Anti-oxidant protein <3 - 
RL4692 
Putative carboxy-terminal processing 
protease  <3 2.5 blr7740 Small heat shock protein <3 - 
RL1083 
Putative disulfide bond formation 
protein D <3 - blr4332 Glutathione S-transferase <3 >3 
RL4089 Putative heat shock protein A <3 -     
RL1806 Putative protease DegQ  <3 -     
RL1883 Putative small heat shock protein <3 -     
pRL90041 
60 kDa chaperonin (GroEL protein) 
(Protein Cpn60) - <3     
pRL120642 
60 kDa chaperonin 3 (GroEL protein 3) 
(Protein Cpn60 3) - <3     
RL0025 Thioredoxin - <3         
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TABLE A11: Inorganic ion transport and metabolism proteins identified across the four rhizobia strains and the fold induction of each protein expressed 
after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction   
Protein name 
Fold induction 
3841 TA1 
Gene name 
(ordered locus) USDA110 CB1809 
pRL120362 Catalase-peroxidase (CP)  0.4 - blr1091 Phosphate-binding protein PstS >3 >3 
RL4402 Conserved hypothetical exported protein >3 - blr1222 Phosphonate metabolism protein >3 >3 
pRL90303 Lipoprotein 0.3 - blr7079 Hemin import ATP-binding protein HmuV  >3 - 
RL0546 
Phosphate-specific transport system accessory 
protein PhoU 4.6 >3 blr0534 Phosphodiesterase/alkaline phosphatase D - >3 
RL1340 Superoxide dismutase  4.5 >3 blr1095 Phosphate uptake regulator - >3 
RL4713 Putative alkaline phosphatase >3 >3 bll6680 Bacterioferritin (cytochrome b1) - >3 
RL0173 
Putative ATP-binding component of phosphate 
uptake ABC transporter >3 >3 bll7774 Superoxide dismutase - >3 
pRL110429 Putative choline-sulfatase (EC 3.1.6.6) >3 - blr4509 Predicted iron-dependent peroxidase - >3 
RL1918 Putative exported arylsulfatase protein >3 >3 bll7946 
ABC-type phosphate/phosphonate 
transport system, periplasmic component - >3 
RL2270 Putative nodulin-related transmembrane protein >3 - bll6903 
ABC-type metal ion transport system, 
periplasmic component/surface antigen - >3 
RL1594 Putative phosphonate metabolism protein >3 - bll7076 Hemin receptor <3 <3 
RL0542 
Putative solute-binding component of ABC 
transporter >3 >3 MA20_13520 Catalase <3 0.4 
RL3350 
Putative solute-binding component of ABC 
transporter >3 -     
RL0168 
Putative solute-binding component of phosphate 
uptake ABC transporter >3 -     
pRL110374 
Putative substrate-binding component of ABC 
transporter >3 -     
RL3175 Putative zinc uptake regulation protein >3 -     
RL3698 Hemin-binding component of ABC transporter <3 -     
pRL120771 
Putative ATP-binding component of ABC 
transporter <3 -     
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RL2713 
Putative substrate-binding ferrisiderophore 
receptor <3 -         
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TABLE A12: Transcription proteins identified across the four rhizobia strains and the fold 
induction of each protein expressed after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL3422 
Transcription elongation factor GreA (Transcript cleavage factor 
GreA) 0.3 35.2 
RL1760 Transcription termination/antitermination protein NusG >3 3.4 
pRL120765 Putative cold shock protein >3 >3 
RL2828 Putative helix-turn-helix transcriptional regulatory protein >3 - 
RL2425 Putative MarR family transcriptional regulator >3 - 
pRL120361 Putative peroxide-inducible genes transcriptional regulator >3 - 
pRL100169 Rhizosphere expressed protein RhiA >3 - 
pRL120345 Putative TetR family transcriptional regulator - >3 
RL4107 
Putative two-component response regulator transcriptional regulatory 
protein - >3 
RL3679 Putative TetR family transcriptional regulator - 1.2 
RL2946 
Putative two component response regulator transcriptional regulatory 
protein - >3 
RL1328 Putative LysR family transcriptional regulator - <3 
pRL110090 Putative LysR family transcriptional regulator PcaQ - <3 
RL4093 
Putative two component response regulator transcriptional regulatory 
protein - <3 
RL1734 Ribonuclease R (RNase R)  - <3 
RL1798 DNA-directed RNA polymerase subunit alpha (RNAP subunit alpha) <3 - 
RL0997 Putative HTH transcriptional regulator <3 - 
  USDA110 CB1809 
blr4300 DNA-binding protein >3 - 
bll3178 Transcriptional regulatory protein 28.3 - 
blr7378 
Transcription elongation factor GreA (Transcript cleavage factor 
GreA) 1.6 - 
blr7797 RNA polymerase sigma factor >3 >3 
MA20_20570 LysR family transcriptional regulator >3 - 
blr2203 RNA polymerase sigma factor >3 - 
blr7860 Predicted transcriptional regulator - >3 
bll1463 Transcriptional regulator - 4.4 
bll4418 AraC-type DNA-binding domain-containing proteins - >3 
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TABLE A13: Translation, ribosomal structure and biogenesis proteins identified across the four 
rhizobia strains and the fold induction of each protein expressed after growth in peat extract as 
compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL2222 Elongation factor Ts (EF-Ts) 0.3 <3 
RL0120 Polyribonucleotide nucleotidyltransferase 6.4 - 
RL1552 50S ribosomal protein L9 >3 <3 
RL3496 Putative poly(A) polymerase  >3 - 
RL1757; 
RL1772 Elongation factor Tu (EF-Tu) >3 >3 
RL1791 30S ribosomal protein - >3 
RL1762 50S ribosomal protein L1 - <3 
RL1775 50S ribosomal protein L4 - <3 
RL1719 Proline--tRNA ligase  - <3 
RL2567 Pseudouridine synthase  - <3 
RL2224 Ribosome-recycling factor (RRF) (Ribosome-releasing factor) - <3 
  USDA110 CB1809 
BJ6T_85840 Glutamyl-tRNA(Gln) amidotransferase subunit >3 - 
bll5089 
Glutamyl-tRNA(Gln) amidotransferase subunit A (Glu-ADT 
subunit A)  >3 - 
bll4386 
Translation elongation factor P (EF-P)/translation initiation factor 
5A (eIF-5A) 4.7 >3 
bll4079 30S ribosomal protein S6 0.7 0.8 
blr5132 Putative translation initiation inhibitor, yjgF family - >3 
bll4860 Translation elongation factor Ts - >3 
bll5402 GTPases - translation elongation factors - <3 
MA20_34760 Methionine aminopeptidase (MAP) (MetAP)  <3 - 
BJS_02578 50S ribosomal protein L7/L12 <3 <3 
 
 
TABLE A14: Replication, recombination and repair proteins identified across the four rhizobia 
strains and the fold induction of each protein expressed after growth in peat extract as compared to 
JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL2675 Putative integrase/recombinase protein >3 - 
RL0930 Ribonuclease HII (RNase HII) (EC 3.1.26.4) >3 - 
RL2399 Single-stranded DNA-binding protein (SSB) >3 >3 
RL2136 Putative transposase-related protein >3 - 
RL0417 Integration host factor subunit beta - 18.7 
RL0372 
Formamidopyrimidine-DNA glycosylase (Fapy-DNA 
glycosylase) <3 - 
pRL70019 Putative DNA-binding protein Hu-alpha <3 - 
RL3420 Putative helicase/glycosylase <3 - 
RL2399 Single-stranded DNA-binding protein (SSB) <3 - 
RL1515 DNA repair protein RecO (Recombination protein O) - <3 
pRL70003 Putative replication protein - <3 
RL0793 Putative transposase-related protein - <3 
  USDA110 CB1809 
BJA5080_07620 Putative transposase <3 - 
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TABLE A15: Secondary metabolites biosynthesis, transport and catabolism proteins identified 
across the four rhizobia strains and the fold induction of each protein expressed after growth in peat 
extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
pRL90174 Probable acetoacetate decarboxylase (AAD)  0.4 - 
RL4557 Putative 2,5-diketo-D-gluconic acid reductase A 1.8 1.9 
RL0016 Putative FAA hydrolase family protein 0.2 - 
pRL110611 Putative flavonol synthase/dioxygenase >3 - 
RL4142 Putative solute-binding component of transporter >3 - 
RL4622 Putative carbon flux regulator >3 - 
pRL110132 Putative short-chain dehydrogenase/oxidoreductase - >3 
RL4622 Putative carbon flux regulator  - >3 
RL3779 Putative short-chain dehydrogenase <3 - 
  USDA110 CB1809 
ASG57_29975 Phasin <3 0.9 
MA20_36110 Phasin family protein <3 - 
AF336_19295 Phasin family protein <3 - 
MA20_39595 Polyhydroxyalkanoate synthesis repressor PhaR <3 0.6 
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TABLE A16: Lipid transport and metabolism proteins identified across the four rhizobia strains 
and the fold induction of each protein expressed after growth in peat extract as compared to JMM 
control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL4621 Putative acetyl-CoA acetyltransferase  >3 - 
pRL100375 L-carnitine dehydrogenase - >3 
RL0373 Putative enoyl-CoA hydratase - >3 
RL4430 Putative 3-oxoacyl-[acyl-carrier-protein] reductase  <3 - 
RL3551 Putative exported lipase/esterase <3 - 
bll7092 Acyl CoA:acetate/3-ketoacid CoA transferase, beta subunit - >3 
bll5356 
Acetyl-CoA carboxylase, carboxyltransferase component (subunits alpha 
and beta) - >3 
blr4082 (acyl-carrier-protein) S-malonyltransferase - >3 
bll3808 3-oxoacyl-(Acyl-carrier-protein) synthase II <3 >3 
bll3809 3-oxoacyl-(Acyl-carrier-protein) synthase II <3 - 
BJ6T_46960 Esterase <3 - 
MA20_23805 1,4-butanediol diacrylate esterase <3 - 
blr7807 Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II - <3 
  USDA110 CB1809 
bll7092 Acyl CoA:acetate/3-ketoacid CoA transferase, beta subunit - >3 
bll5356 
Acetyl-CoA carboxylase, carboxyltransferase component (subunits alpha 
and beta) - >3 
blr4082 (acyl-carrier-protein) S-malonyltransferase - >3 
bll3808 3-oxoacyl-(Acyl-carrier-protein) synthase II <3 >3 
bll3809 3-oxoacyl-(Acyl-carrier-protein) synthase II <3 - 
BJ6T_46960 Esterase <3 - 
MA20_23805 1,4-butanediol diacrylate esterase <3 - 
blr7807 Acyl-CoA synthetases (AMP-forming)/AMP-acid ligases II - <3 
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TABLE A17: Signal transduction mechanisms proteins identified across the four rhizobia strains 
and the fold induction of each protein expressed after growth in peat extract as compared to JMM 
control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL0847 Inosine-5'-monophosphate dehydrogenase  1.1 <3 
RL3579 Putative phage-related protein 1.0 5.0 
pRL120086 Putative pspA family transcriptional regulator-associated protein 1.2 - 
RL3611 
Putative two-component response regulator transcriptional 
regulatory protein - >3 
pRL90149 Putative transcriptional regulator - >3 
RL4030 CheW3 <3 - 
RL4565 Putative nitrogen regulatory protein PII <3 - 
RL3454 
Putative two-component response regulator transcriptional 
regulatory protein <3 - 
RL0673 
Putative two-component regulator sensory histidine kinase 
transcriptional regulatory protein <3 - 
RL0425 Putative nitrogen regulatory IIA Ntr protein  - <3 
RL1868 Putative universal stress related protein - <3 
RL0687 CheY protein, probably minor role in reorientation - <3 
  USDA110 CB1809 
blr5264 Two-component hybrid sensor and regulator >3 - 
blr7530 chemotaxis protein CheY <3 3.1 
blr4446 
ABC-type amino acid transport/signal transduction systems, 
periplasmic component/domain - >3 
bll8156 
Predicted signal transduction protein containing a membrane 
domain, an EAL and a GGDEF domain - >3 
bll5961 
cAMP-binding proteins - catabolite gene activator and regulatory 
subunit of cAMP-dependent protein kinases - >3 
blr7679 HD-GYP domain - >3 
bll3977 
ABC-type amino acid transport/signal transduction systems, 
periplasmic component/domain - >3 
bll0438 Adenylate cyclase, family 3  <3 - 
MA20_39815 Histidine kinase <3 - 
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TABLE A18: Intracellular trafficking proteins identified across the four rhizobia strains and the 
fold induction of each protein expressed after growth in peat extract as compared to JMM control 
media 
ORF Protein name 
Fold induction 
3841 TA1 
RL0006 Protein-export protein SecB 0.1 - 
RL4298 Protein translocase subunit SecA - >3 
RL2046 Sec-independent protein translocase protein - >3 
RL3969 Protein TolB <3 <3 
pRL80140 Putative conjugal transfer protein TrbD <3 <3 
  USDA110 CB1809 
SE92_32725 Preprotein translocase subunit TatC <3 - 
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TABLE A19: Nucleotide transport and metabolism proteins identified across the four rhizobia 
strains and the fold induction of each protein expressed after growth in peat extract as compared to 
JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL3768 Adenylosuccinate synthetase (AMPSase)  2.9 - 
RL1580 Nucleoside diphosphate kinase (NDK) (NDP kinase) 0.9 >3 
RL1961 Putative 2',3'-cyclic-nucleotide 2'-phosphodiesterase 0.5 - 
RL4075 Putative 5'-nucleotidase  0.4 <3 
RL3525 Formate--tetrahydrofolate ligase  >3 - 
RL3506 Putative MutT/nudix family protein >3 - 
RL3532 Thymidine kinase  >3 - 
RL4616 Putative ferredoxin II (FdII) - >3 
RL1795 Adenylate kinase - >3 
RL4044 
N5-carboxyaminoimidazole ribonucleotide mutase (N5-CAIR 
mutase) <3 - 
RL0107 Cytidylate kinase (CK)  - <3 
  USDA110 CB1809 
A1D31_05140 Thiosulfohydrolase  <3 - 
 
TABLE A20: Cell motility proteins identified across the four rhizobia strains and the fold 
induction of each protein expressed after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL0690 Chemotaxis protein methyltransferase >3 - 
  
USDA11
0 
CB180
9 
bll5845 Flagellin <3 - 
bll5845 Flagellin <3 - 
 
Table A21: Cell cycle control proteins identified across the four rhizobia strains and the fold 
induction of each protein expressed after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
RL0161 Putative cell division DNA translocase protein <3 - 
RL2034 Uncharacterised protein <3 <3 
  USDA110 CB1809 
Bra471DRAFT_04803 Host attachment protein <3 - 
 
Table A22: Mobilome: prophages proteins identified across the four rhizobia strains and the fold 
induction of each protein expressed after growth in peat extract as compared to JMM control media 
ORF Protein name 
Fold induction 
3841 TA1 
pRL110045 Uncharacterised protein <3 - 
RL3203 Putative DNA stabilisation protein - <3 
pRL100191 Uncharacterised protein - <3 
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APPENDIX II: Bacterial culture media and buffers 
 
JMM Defined Medium pH 6.8 (O’Hara et al., 1989) 
HEPES 
 
 
4.766 g 
D-galactose 
 
1.8 g 
L-arabinose 
 
1.5 g 
L-glutamate 
 
507 mg 
FeSO4.7H2O 
 
5.5 mg 
CaCl2.2H2O 
 
441 mg 
NaSO4 (anhydrous) 
 
0.1 g 
MgSO4.7H2O 
 
246.2 mg 
Na2MoO4.2H2O 
 
0.967 mg 
MnSO4.4H2O 
 
1.11 mg 
ZnSO4.7H2O 
 
1.08 mg 
CuSO4.5H2O 
 
50 mg 
K2HPO4 
 
26.1 mg 
KH2PO4 
 
20.4 mg 
Thiamine hydrochloride 
 
1 mg 
Pantothenic acid 
 
1 mg 
Biotin 
 
0.02 mg 
Water 
 
1 L 
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Modified acid salt medium ASM pH 6.8 (Brown & Dilworth 1975) 
MOPS 4.19 g 
KNO3 (0.5g NH3Cl) 0.7 g 
MgSO4.7H2O 0.5 g 
NaC1 0.2 g 
CaCl2.2H2O 0.02 g 
KH2PO4 0.36 g 
K2HPO4 1.4 g 
Glucose 20% w/v 
Thiamine hydrochloride 1 mg 
Pantothenic acid 1 mg 
Biotin 0.02 mg 
Na2EDTA.2H2O 500 mg 
FeCl2.4H2O 143 mg 
ZnCl2  4.7 mg 
MnCl2.4H2O 3 mg 
H3BO3  30 mg 
CoCl2.6H2O 20 mg 
CuCl2.2H2O 1 mg 
NiCl2.6H2O 2 mg 
Na2MoO4.2H2O 3 mg 
CaCl2.2H2O 100 mg 
Water 1 L 
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Yeast Mannitol Broth (YMB) pH 6.8 
Mannitol 
 
10.0 g 
K2HPO4 
 
  0.5 g 
MgSO4. 7H2O 
 
  0.2 g 
Yeast Extract 
 
  0.5 g 
Water 
 
  1.0 L 
 
Yeast Mannitol Agar (YMA) 
YMB 
 
  1.0 L 
Agar 
 
15.0 g 
 
Tryptone Yeast Agar 
Tryptone 
 
  5.0 g 
Yeast Extract 
 
  3.0 g 
CaCl2.2H2O  
 
  0.32 g 
Agar 
 
  15.0 g 
Water 
 
  1.0 L 
 
Luria-Bertani Broth (Sambrook et al., 1989) 
Tryptone 
 
  10.0 g 
Yeast Extract 
 
  5.0 g 
NaCl 
 
  10.0 g 
Water 
 
  1.0 L 
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Phosphate Peptone Buffer (PPB) 
Peptone 
 
1.0 g 
K2HPO4 
 
1.21 g 
KH2PO4 
 
0.34 g 
Water 
 
1.0 L 
 
0.1 M Phosphate-Buffered saline (pH 7.4) 
NaCl 
 
80.0 g 
KCl 
 
2.0 g 
Na2HPO4 (anhydrous) 
 
14.4 g 
KH2PO4 
 
2.4 g 
Water 
 
1.0 L 
 
 
 
 
 
